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FORWARD 

There  have been a number of nucleonic studies made  on m a s s  

propellant measurements  i n  which i t  was implied that a suggested 

source-de tec tor  configuration would provide measurement  accu rac i e s  

of the o r d e r  of one pe r  cent of full tank capacity. In  some  cases ,  ex-  

per imental  t e s t s  have been run  with tanks with different f i l l  levels  and 

different orientations. 

sufficient analytical  and/ o r  experimental  data to  permi t  the optimization 

of a design to meet  a des i r ed  accuracy  nor  have they given sufficient 

confidence data on the accuracy  predicated. 

I 

The bulk of these studies to date have not supplied 

The study descr ibed  here in  summarizing data f r o m  200, 000 c a s e s  

removes  the objections heretofore  made and provides: 

Design specifications fo r  source-detector  configurations for  

accu rac i e s  up to  2% for  liquid hydrogen tanks ranging in  

length f r o m  8 to  60 feet. 

Confidence limits on each configuration presented and permi ts  

the cus tomer  to  choose the s imples t  configuration which will 

meet his  accu racy  needs. 

An analytical  and experimental  method which may be used in  

ground simulation tes ts .  

development of a n  acceptable low g mass propellant testing 

sys t em which may  be tes ted both analytically and experimentally 

under ful l  g ground conditions, thus removing the need for  

huge space  cos t s  f o r  this  development. 

These ground t e s t s  permi t  the 

Scaled down o r  full-size 



tanks can  be implemented. The full-size tanks would need  

to  be filled with L H  Water can  be used in  the scaled down 2’ 

tanks. Foam for voids can be used in both cases .  The 

analytical  and experimental  approach taken i s  not res t r ic ted  

t o  nucleonic measuring techniques but may a l so  be used on 

R. F. techniques. 

An approach which with fur ther  study would permi t  X-ray  ( d) 

sources  to supplant the nuclear sources  fo r  tanks whose 

lengths do not exceed 2 5  feet. 

iei  Line sensing iec’nniquee which iiiay be iiszd iii e i t h e r  ky-drogcr. 

or  oxygen for  any s ize  tank. The techniques do have the 

disadvantage that they require  the incorporation of internal 

s t ruc tu res  within the fuel tanks. 

The value of this repor t  l i es  in: 

(a) I ts  approach to  the solution of a space need. The approach 

has  combined basic principles f rom the r ea lms  of basic nuclear 

laws i n  the interaction between radiation and mat te r ,  simili tude 

(not just  scaling), energy discrimination and detection, s ta t is  - 

t i ca l  weighting and information processing- Full  use  of computer 

techniques w e r e  made to  optimize each configuration, thus 

reducing experimental  efforts t o  the role  of confirmation of 

predicted r e  s ults . 
Quantitative resu l t s  on what can be done. (b) 



1.0 INTRODUCTION 

1.1 Work Statement 

The following requirements ,  as  established by the contract  work 

s ta tement ,  have been met: 

A. The tank configuration shown in F igure  1 shall  be simulated in  the 

feasibil i ty study. 

(L) of 60 f t .  to 8 ft. 

be  4 fo r  all tank s izes .  

The propellants to be considered are liquid oxygen and liquid 

hydrogen. 

The study shall  consis t  of the following tasks .  

1. 

The s ize  of the tank will range f rom a length 

The ratio of length to radius  ( L / R )  will 

B. 

Determine which radiation techniques a r e  feasible for  

measur ing  the m a s s  of LOX and LH 

shown in Figure 2. 

3. 2.1 and 4.2 a r e  applicable to oxygen tanks of a r b i t r a r y  

s ize ;  in  addition to the shadow techniques, the gamma t r a n s -  

mis s ion  technique discussed in Sections 3.1.1 and 4.1 is 

applicable to hydrogen tanks up to 60 fee t  in length. ) 

Determine the scaling laws and scaling l imitations fo r  each 

technique. 

to experimental  systems a r e  d iscussed  in  Section 3.1.1.4. ) 

in  the tank s ize  range 2 

(The shadow techniques discussed in  Section 

2. 

(The scaling laws and l imitations with respec t  

1-1 
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3. Determine general  hardware requi rements ,  including 

the number of sources  and de tec tors  required,  the optimum 

type source  and detectors ,  and general  signal conditioning 

requirements .  

for th  in  Section 4.0. ) 

Determine general  design p a r a m e t e r s  fo r  each technique 

which is feasible,  including source and detector  locations,  

power, weight and s i z e  requirements  for  source,  de tec tors ,  

and signal conditioning. 

considered in Section 3.1.1. 3; other  design pa rame te r s  a r e  

given in  Section 4.0. ) 

Determine the effects of internal  components on the performance 

of the propellant gauge. The general  internal  component 

configuration shown on the S-IVB Hydrogen tank drawing will 

be used f o r  the purpose of this study. 

s t ruc tu res  are mentioned in  Section 3.1.1.6. ) 

(General hardware  requirements  a r e  s e t  

4. 

(Source-detector locations a r e  

5. 

(The effects of internal  

C. The following requirements  f o r  the propellant m a s s  gauge shall  be 

used as design goals for the feasibil i ty study. 

1. The propellant mass gauge shall  measu re  the total propellant 

m a s s  in  the tanks to an accuracy of +2% of ful l  scale o r  be t te r ,  

(Accuracy requi rements  a r e  mentioned in  detail  i n  Sections 

2.1, 3.1.1. 3, 3.1.1. 4, 3.1.1. 5, and 4. 0. ) 

1-4  



2. 

3. 

4. 

The response t ime of the propellant m a s s  gaugeshall be 

0 . 5  seconds o r  l e s s .  (Response t ime requirements  a r e  

d iscussed  in  Sections 2.1 and 4.0.  ) 

Radiation hazards  to personnel anywhere outside the tanks 

shall  be minimized. 

acceptable. 

in  Sections 2.1, 3.1.1. 5, and 4.0. ) 

The propellant massgaugewill  be required to per form to 

all requi rements  here in  only when the general  orientation 

of the propellant is  a s  shown in F igure  1. (The relationship 

between the propellant configuration of F igure  1 and var ious 

accelerat ion environments i s  discussed in Section 2 .3 .  ) 

A dose ra t io  of 5 m r / h r  i s  considered 

(Radiation safety requi rements  a r e  d iscus  sed 

1 .2  Summarv  of Recommended Svstems 

Two basic  sys t ems  are recommended f o r  application to the measurement  

of oxygen and hydrogen mass in the general  configurations of F igure  1. 

The recommended sys tems are evaluated on the bas i s  of their  ability 

to m e a s u r e  propellant mass in a tank in which the vapor phase exis ts  a s  

a spher ica l  bubble. 

mass of propel lant  located along a number of l ines  paral le l  to the tank axis  

is sampled;  over  200,000 computer simulations involving spherical  bubbles 

of random s i z e s  and locations were  examined in  the optimization and 

Both sys tems a r e  based on techniques whereby the 

1 - 5  



evaluation of the var ious a r r a y s  of sampling locations. 

sampling locations was optimized and evaluated to be capable of l e s s  

.than 0. 770 average  absolute e r r o r ,  a n  e r r o r  consis tent  with a 270 of tank 

capacity sys t em accuracy. A r r a y s  of seven, ten, and fifteen sampling 

An a r r a y  of twe 

locations w e r e  a l so  optimized and evaluated. Computer  evaluation of the 

optimal a r r a y  of fifteen indicated a n  average absolute e r r o r  of about 0. 670 

and a maximum absolute e r r o r  of l e s s  than 270 of tank capacity. 

A gamma t r ansmiss ion  technique is  recommended fo r  the measurement  

of mass in  hydrogen tanks. 

detectors  located a t  the twelve optimal sampling locatinns at the t3nL +n- GUY 

and bottom, the t r ansmiss ion  technique using Co i s  capable of meeting 

Consisting of mated, coll imated sources  and 

60 

the accuracy ,  safety, and response  t ime specifications for  tanks up to 30 

f ee t  i n  length. If the sou rces  a r e  located within the tank, in  a plane p e r -  

pendicular to the tank axis, the required measu remen t  can be made for  

tanks up  to 60 feet i n  length. 

A low energy gamma backscat ter  technique, i n  which sources  and 

de tec tors  a r e  located along twelve sampling l ines  positioned a t  the optimal 

sampling locations,  is recommended for  the measu remen t  of oxygen in  

tanks. The  backsca t te r  technique is volume sensi t ive in  nature ,  as the 

backsca t te red  radiation intensity detected by the  sou rces  is dependent upon 

the p r e s e n c e  o r  absence  of the liquid phase adjacent to  the sampling l ines 

and upon the  geometr ica l  extent of the liquid phase. 

p r i a t e  f o r  tanks of a r b i t r a r y  s i zes ;  additionally, i t  may be applied to hydro- 

The technique is appro-  

gen  tanks. 
1-6  



X-ray sources  may have applicability to t r ansmiss ion  systems.  

However, s ince the energy of X-ray radiation generated by reasonably 

compact X - r a y  devices i s  low in  comparison with high energy nucleonic 

gamma radiation, the penetrating power of the X-ray  sys t ems  i s  about 

one-half that  of the nucleonic sys tems;  hence,  the technique i s  applicable 

to  tanks of about 13 feet  in  length without internal  s t ruc tu res  and to  about 

25  feet  inlength with a single plane of centrally-located X-ray  sources  

positioned internally. 

i n  the abil i ty to  switch them on and off; the i r  capability of producing a 

l a r g e  n i imher  of phntnns is s n a e w h a t  wasted s i ~ l c e  the radiaticr? safety 

requi rements  l imit  the number of photons emanating f rom the tank wal ls  

at any time. 

a r e  l e s s  than 30 feet  a re  recommended to  determine (1)  the appropriate  

means  of high energy X-ray generation, ( 2 )  the extent to which collimation, 

energy discr iminat ion,  and commutation of mated  X-ray sources  a n d  

de tec tors  is requi red  to  a s s u r e  a unique correspondence between propellant 

mass and a n  appropr ia te  function of detector outputs, (3) the penetration 

The p r imary  advantage of the X-ray sys t ems  l ies  

F u r t h e r  studies of X-ray techniques fo r  tanks whose lengths 

capabili ty,  (4) the  extent to  which feedback control of the emission is required 

t o  r e s t r i c t  radiation levels  a t  the tank sur face  to l e s s  than 5 m r / h r ,  and 

(5)  exper imenta l  s y s t e m  accuracy capabilities. 

1 -7  



2 . 0  DESIGN CONSIDERATIONS 

2. 1 General  Specifications 

The investigation required by Contract NAS8-21014 involves a feas i -  

bility study of high energy radiation methods for  the measurement  of 

liquid oxygen and liquid hydrogen i n  tanks when the general  orientation of 

the propellant is a s  shown in Figure 1. 

to 60 feet  i n  length with length to radius ra t io  of 4 (F igu re  2) .  

c r i t i ca l  specifications established in the work s ta tement  a re :  

The study includes tanks f rom 8 

Three  

1. 

2. 

3. 

System accuracy (* 2 %  of capacity), 

Response t ime (0. 5 seconds),  

Radiation safety requirements  ( 5  m r / h r  a t  the external  tank 

surface) .  

The 2% sys tem accuracy requirement imposes stringent accuracy 

requi rements  on the various sys tem functions. P r imar i ly ,  th ree  sources  

of e r r o r  exis t  in  the radiation m a s s  measurement  system: measurement  

technique e r r o r ,  s ta t is t ical  counting e r r o r ,  and calibration e r r o r .  Meas - 

urement  technique e r r o r ,  intr insic  to  the method by which the m a s s  meas -  

urement  is  made, is re f lec ted  in  variations in  the m a s s  measurement  

encountered as  a constant m a s s  of propellant a s sumes  various orientations 

within a tank, other sources  of e r r o r  remaining constant. Statist ical  

counting e r r o r  a r i s e s  f r o m  the random processes  of photon emission, in te r -  

act ion with mat te r ,  and detection. Calibration e r r o r  i s  inherent in the 

co r re l a t ion  of data (typically, radiation count ra te )  with the m a s s  in the tank, 

2-1 



a correlat ion made through a predetermined one-to-one correspondencc 

between the data and the propellant mass .  

. bration e r r o r  a r e  typically electronic drift, tank geometry variations,  

Since the three sources  of e r r o r  a r e  essentially 

Fac to r s  which influence cal i -  

and s imi l a r  effects. 

independent, the s tandard deviation of the sys t em e r r o r  i s  related to the 

individual s tandard deviations of e r r o r  by 

where  u u and u a r e ,  respectively, the s tandard deviations of the 

measurement  technique e r r o r ,  the s ta t is t ical  counting e r r o r ,  and the cal i -  

brat ion e r r o r .  As Equation (2 -1 )  dictates, to  achieve a one-standard devi- 

ation sys t em e r r o r  of 270, i t  is necessary to  hold the other sources  of e r r o r  

to  about 1%. 

T’ N’ C 

The response t ime of 0. 5 seconds places a lower l imit  on source size.  

In o r d e r  t o  constrain the s ta t is t ical  counting e r r o r  

the number of photons o r  par t ic les  detected and analyzed within 0. 5 seconds 

must  exceed a minimum value. In opposition, the radiation safety require-  

men t  imposes  a res t r ic t ion  on the maximum number of photons or  par t ic les  

(u ) to the 1% level, N 

that  can be emit ted by the source.  In general, the conflict between s ta t i s -  

t ical  counting requirements  and radiation safety requirements  imposes the 

limit on tank s ize  f o r  which the radiation mass measurement  sys tem i s  

feasible. 

2 - 2  



Another l imiting factor  is  the dynamic range of the detector.  F o r  

systems in  which digital counting is required s o  that  energy discr iminat ion 

can  be employed to eliminate unwanted counts, count loss becomes a 

s e v e r e  problem f o r  high count rate.  

counts r e su l t s  i n  a loss  of the energy discrimination capability. 

fore ,  detector  counting requi rements  impose a n  upper l imit  on the number 

~ 

Switching to analog processing of 

The re -  

of photons that can  be processed  accurately and thus r e s t r i c t  the tank s ize  

I fo r  which the radiation mass measurement  is applicable. 

2. 2 Per t inent  Propel lant  Charac te r i s t ics  

A list of propellant proper t ies  is given i n  Table 1, the propert ies  

l i s ted  being pertinent to  this  study. 

s tan ts  i s  r a r e l y  required;  the number of significant f igures  given i s  com- 

patible with a sys t em e r r o r  of 2%. 

Ext reme  accuracy of the physical con- 

~ 

The following physical constants of wa te r ,  employed i n  various s imu-  

I lat ion sys t ems ,  are  pertinent: 

Parame t e r s 

3 
Liquid Density, g m / c m  . 

(at ZOO C) 

Value 

1. 00 

Molecular Weight 18. 016 

Gamma - Ray Attenuation 
(at  662 keV) 

C r o s s  Section, cm / g m  
Liquid Half -thicknes s, cm 8. 0 

0.086 2 
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TABLE 1. Pertinent Physical  Constants 
of Liquid Hydrogen and Oxygen 

Pa rame t  e r 

Normal  Boiling Point ( N B P )  
a t  1 a tmosphere  

Melting Point 

Vapor Density, g r a m s /  cc  
( a t  1 atm, NBP) 

Liquid Density, g r a m s / c c  
( a t  NBP) 

Surface Tension, dynes /cm 
( l iquid against  its vapor; 

Molecular Weight 

Gamma-Ray Attenuation 
( a t  662 keV) 

Cross  Section, cm / g m  
Liquid Half -thicknes s, cm 

2 

Beta P a r t i c l e  Attenuation 
(Half-thickness at 2. 24 MeV) 

Liquid, mm 
Vapor (at NBP), c m  

Hydrogen Oxygen 

-252. 7 O  C -183. Oo C 
20. 4O K 90.2O K 

-218. 4 O  C 
13. Oo K 54.7O K 

-259. l o  C 

1.33 4.74 

0. 071 1. 14 

1.9 a t  ZOO K 13.2 at 90° K 

2. 016 32. 000 

0. 154 
63 

6. 5 
35 

0. 077 
7. 8 

. 8 1  
20 

Alpha Particle Attenuation, mm 
(liquid penetrat ion at 5 MeV) 0. 1 0. 1 
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2. 3 Propellant Behavior in  a n  Orbiting Vehicle 

The general  propellant orientation indicated in  Figure 1 was given by 

NASA for  this  study a s  representat ive to f i r s t -o rde r  of zero  gravity fluid 

behavior. 

space) ,  the propellant orientation i n  space corresponds to low Bond number 

More accurately (s ince gravitational gradients  exist throughout 

behavior, where  the Bond number provides a comparison between gravi ta-  

tional and capi l lary effects: 

2 
- P g L  

T B -  Y 
0 

where  p is the fluid density, g the acceleration, a charac te r i s t ic  

dimension of the sys tem,  and T the surface tension. F o r  low Bond number 

sys t ems  , capi l lary forces  dominate the hydrostatic propellant behavior, 

while f o r  high Bond number sys tems,  accelerat ion forces  dominate the 

behavior. Therefore ,  even i n  extremely low accelerat ion environments, 

f o r c e s  ex is t  which prevent the propellant f rom assuming random orienta- 

tions. 

nant r eg imes  i n  liquid oxygen (90 K) and liquid hydrogen ( 2 0  K),  the 

reg imes  being separa ted  by unity Bdnd number lines. 

F igu re  3 indicates the accelerat ion dominant and the capillary domi- 

0 0 

1 

Theore t ica l  studies indicate that, in capillary dominant regimes,  the 

minimum energy propellant configuration i s  one in which the vapor phase 

i s  p re sen t  i n  spher ica l  bubbles. 

total  s u r f a c e  energy i s  minimized i f  the vapor bubbles coalesce into a 

single l a r g e  bubble, and additionally, that the bubbles tend to  attach themselves 

Energy considerations fur ther  indicate that  
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Gravi ty  Dominated 
Regime 

Liquid Hydrogen 

C a p i l l a r y  Dominated 

R e g i m e  

Id8 - 

5 -  

2 -  

lo4 
C ha roc t e r i s  t i c  Dimension 

1 lo4 

N o r m a l i z e d  G r a v i t y  as a Function of Characteristic 
Dimension for Unity Bond Number .  
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to the wall. 

minimum energy configurations occur,  though some experiments  indicate 

that metastable  equilibrium situations occur in  which sma l l  bubbles group 

around and attach themselves to a l a rge r  bubble, much like a bunch of 

Low accelerat ion experiments generally verify that s u c h  

grapes.  1 9 2  

Thus, completely random orientations of propellant within a tank 

a r e  statically unstable. F o r  low Bond number si tuations,  capil lary forces  

cause the formation of a spher ica l  bubble o r  a c lus te r  of bubbles. F o r  high 

Bond number situations, accelerat ion forces ,  although small ,  tend to  

or ient  the propellant s o  that a single relatively flat liquid-vapor interface 

exists.  Such propellant behavior is of fundamental importance with r ega rd  

to  the design of propellant m a s s  measurement  systems.  

2 .  4 Radiation and Interactions 

The radiation sources  available for the measurement  of propellant 

mass a r e  l imited to alpha, beta (including positron), gamma, and neutron 

sources ,  and machine-generated X - r a y  and proton sources .  More exotic 

sou rces  of fundamental par t ic les  a r e  generally inappropriate for  engineer - 

ing applications. The charged particles and neutrons a r e  res t r ic ted  to  

l imi ted  application to  a m a s s  measurement  sys tem f rom an information 

t r ansmi t t a l  viewpoint; the i r  range is too shor t  f o r  them to c a r r y  information con-  

cerning the existence of mass m o r e  than a few cent imeters  f rom their  

origin. 
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2. 4. 1 Gamma Radiation 

Nuclear sou rces  of high energy photons may be divided into two groups: 

(1) isotopic gamma emi t te rs ,  and (2) isotopic beta emi t t e r s  which generate  

significant bremsstrahlung.  

that  i s ,  par t icu lar  nuclear t ransi t ions a r e  accompanied by the emis s ion  of 

gamma- rays  with constant, quantized energy values. In addition, the in te r -  

Usually the gamma emission i s  monoenergetic;  

action of emit ted beta par t ic les  with mat te r  r e su l t s  i n  the generation of 

high energy photons charac te r ized  by a continuous energy spec t rum;  the 

radiat ion is known as bremss t rah lung  o r  "braking radiation". 

Bremss t rah lung ,  basically electromagnetic radiation which i s  emitted 

when a n  e lec t ron  is acce lera ted  o r  decelerated in  the coulomb field of the 

nucleus,  has been investigated quantum mechanically and relativist ically.  

The approximate fract ion of beta energy which is converted to  external  

gamma radiation is 

- -  ' E  b r e m  - E 

3000 max ' 
beta ave 

E 

where  E is the average  bremsstrahlung energy, E is  the 
b r e m  beta ave 

ave rage  beta energy, E repres'ents the maximum beta energy in  MeV, 

and Z is the a tomic  number of the target  mater ia l .  A typical b r e m s s t r a h -  

lung s p e c t r u m  is indicated i n  F igu re  4. 

m a x  

3 

. High energy  photon radiation can  a l so  be generated by man-made high 

energy  e l ec t ron  sources  such as X-ray tubes. The difference between nuclear 

p r a y  s o u r c e s  and X-ray  sources  l i e s  inthe energy spread  of the electrons 
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Photon Energy E 

T y p i c a l  E x t e r n a l  B r e m s s t r a h l u n g  Spectrum, Intensity of Photons 

E m i t t e d  per U n i t  Energy Increment  a s a  F u n c t i o n  of Photon Energy. 

Figure 4 
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striking the target.  X-ray sources  produce a monoenergetic source  of 

e lectrons while the nuclear  p source  produces a continuum of energ ies  

below E . Both sources  produce bremsstrahlung and charac te r i s t ic  

radiation. The highest charac te r i s t ic  radiation of natural  ma te r i a l s  i s  

the 99 keV Ka radiation of uranium. The rat io  of the bremss t rah lung  

produced to that of the charac te r i s t ic  radiation produced inc reases  as  

energy of the impinging electrons is increased. 

dent e lectrons is increased  above the K-edge energy (115 keV for  U) ,  the 

intensity of the bremss t rah lung  increases  while the intensity of the cha r -  

ac t e r i s t i c  radiation falls. The X-ray  spec t rum produced by the complex 

interact ion of monoenergetic electrons and a thick ta rge t  exhibits a l inear  

dependence of the number of photons per  energy increment  upon energy, 

as indicated in  F igu re  5. 

max 

A s  the energy of the inci-  

3 

An a tomic  mechanism is fundamental to the production of cha rac t e r -  

istic gamma-rays .  In the charac te r i s t ic  spec t ra ,  radiation i s  produced by 

the interact ion of machine -generated o r  nuclear-produced electrons with 

the bound e lec t rons  of the ta rge t  mater ia l .  The incident e lectrons effect 

the ejection of e lectrons f rom various atomic shel ls  of the ta rge t ;  photon 

emiss ion  r e su l t s  when other  a tomic electrons re-occupy the var ious vacan- 

c ies .  Due to  the quantized energy levels of the atomic electrons,  the 

emi t ted  radiation produced by the atomic interact ion i s  a l so  quantized so  

that  only var ious charac te r i s t ic  energies  occur.  The atnmic interactions 

m a y  occur  as emiss ions  o r  absorptions,  but the quant’ zz.d energy levels 

a r e  charac te r i s t ic .  
2-10  



Photon Energy E 

Typical X-Ray Spectrum, Intensity of Photons E m i t t e d  Per Unit 
Energy I n c r e m e n t  as o Function of Photon Energy. 

f i g u r e  5 
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'The charac te r i s t ic  X-ray spectrum i s  superimposed upon the continu- 

ous spec t rum in  F igure  6, a typical X-ray spectrum in which the derivative 

of intensity (I) with respect  to  photon wavelength ( A )  i s  plotted a s  a function 

of photon wavelength. 

sented as depicted in  Figure 5 through a t ransformation of variables,. 

minimum wavelength, A of Figure 6, i s  related to E of F igure  

The continuous spectrum of the figure can be p re -  

The 

min  max  

5 by 

= hc /X  
max  min  ' E 

where  h i s  Planck 's  constant and c i s  the velocity of light. A s  F igure  6 

indicates,  mos t  X-radiation occurs  in the continuous spectrum; relatively 

4 
l i t t le energy is radiated i n  the charac te r i s t ic  spectrum. 

2 .  4. 2 Penetrat ion and Absorption of Gamma-Rays 

F o r  the case  i n  which the interaction between the t ransmit ted radiation 

and the surrounding medium i s  negligible, the flux a t  a distance R f rom a 

point source  i s  

S + = -  
4 T R  

2 ¶ ( 2 - 5 )  

-1 
where  + 
cent imeter  and S is the sou rce  strength i n  number of emissions/second. 

However, i n  general ,  radiation interacts  with the surrounding medium s o  

is the flux in  number of radiation par t ic les  o r  photons second 

- 2  

that  absorpt ion and degradation of the radiation occurs.  
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Photon Wavelentt i  X ,  it 

Typical X - R a y  Spectrum, d I / d X  as  a 

F u n c t i o n  of A 

F i g u r e  6 
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High energy electromagnetic radiation in te rac ts  with mat te r  i n  a num- 

ber  of fashions, the following four of which a r e  mos t  common: ( 1 )  through 

the production of photoelectrons, ( 2 )  through Compton scattering, ( 3 )  

through Thompson and Raleigh scattering, and (4) through pair  production 

in  the xtomic o r  nuclear field. In the f i r s t  and fourth interactions,  the 

incident radiation is completely absorbed; in  the second interaction, the 

incident photon t r a n s f e r s  some energy to an electron; i n  the third interaction, 

the photon i s  elastically scattered. 

keV and 3 MeV, the dominant interaction i n  liquid hydrogen and liquid 

oxygen i s  the Compton interaction. 

F o r  photon energies  between about 30 

The macroscopic  representat ion of the multiple interactions of numer-  

ous photons is effectively made in  t e r m s  of a n  exponential attenuation 

model. A theoretical  model based on the interaction c r o s s  sections of indi- 

vidual 'collisions and verified by experiment indicates that  the attenuation 

of p r i m a r y  gamma photons is descr ibed by 

is the flux of p r imary  photons which do not interact  during pas-  
where + P  

sage  through ma t t e r ,  p is the ma te r i a l  density, x is the thickness of 

attenuating medium through which the radiation passes  (not necessar i ly  

equal to R), is the mass attenuation coefficient i n  cm / g m  (equal to 

the s u m s  of the var ious interaction c ros s  sections),  and S i s  the source  

s t rength i n  emissions/second.  The quantity (p p )  = X is defined to 

2 

-1 
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be the charac te r i s t ic  length of the radiation in  the par t icu lar  medium, 

that is ,  the length of abso rbe r  for  which a parallel ,  coll imated beam is 

attenuated to e of its init ial  value. Thus,  4 gives the flux of pho- 

I 

- 1  
P 

. tons that have experienced neither energy degradation nor directional 

change during propagation through the medium. 
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3 . 0  EVALUATION OF MEASUREMENT TECHNIQUES 

The interactions of radiation with mat te r  a r e  fundamental to nucle- 

onic propellant m a s s  measurement  techniques of two generic  types :  

m a s s  sensit ive measurements  and volume sensit ive measurements .  Al- 

though the fundamental interactions a r e  dependent on m a s s ,  count data 

may be processed  on a geometr ical  basis so  that the volume of propellant 

liquid i s  sensed r a the r  than i t s  mass .  The volume sensit ive m e a s u r e -  

ment  types must  be supplemented by p res su re  and tempera ture  measu re -  

ments  so that mass can be inferred.  

Screening of measurement  techniques i s  concerned with the answer 

t o  one fundamental question: 

one-to-one correspondence between some function of the detector  signals 

and the mass within the tank consistent with the NASA specifications l is ted 

in  Section 2. l ?  

Can the measurement  sys tem produce a 

3. 1 Mass  Sensitive Measurement Schemes 
- 

T h r e e  fundamental radiation techniques a r e  m a s s  sensit ive in nature. 

These  techniques a r e  based on the t ransmission,  diffusion, and scat ter ing 

of radiation. 

T ransmiss ion  techniques comprise  those m a s s  measurement  techniques 

i n  which propellant m a s s  is infer red  from the attenuation of radiation t r ans -  

mi t ted  a c r o s s  a significant expanse of the tank volume. 

indicate that  only gamma radiation is  appropriate  for  the t ransmiss ion  

measu remen t s .  

Range considerations 

Due to  physical limitations on source  and detector a r e a s ,  
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sampling techniques a r e  generally required. 

sou rces  a r e  of fundamental in te res t  with respect  to t r ansmiss ion  m e a s -  

urements:  monoenergetic gamma sources  ( a s  typified by C s  137 and Co  ) 

and continuous radiation sources  ( a s  typified by X-ray and bremsstrahlung 

sources  ). 

Two types of radiation 

60  

Diffusion and scat ter ing techniques compr ise  measurement  techniques 

in which the amount of radiation detected, regard less  of the radiation path 

f r o m  source  to  detector,  is used a s  a n  index of propellant mass .  

only high energy electromagnetic radiation i s  appropriate.  

Again, 

3. 1. 1 Monoenereetic Gamma Transmiss ion  Technique 

3. 1. 1. 1 General  Description and Applicability 

The monoenergetic gamma t ransmiss ion  technique i s  based on the 

exponential attenuation of p r imary  radiation (that radiation which has not 

in te rac ted  with ma t t e r )  f rom a monoenergetic gamma - ray beam according 

to  the model  

where  N i s  the photon count a t  the detector,  N the count with the tank 

evacuated, x the abso rbe r  thickhess,  and X the charac te r i s t ic  length. 

The inve r se  R dependence (Equation 2-6) is eliminated since the source 

and the detector  a r e  a s sumed  to  be fixed relative to  one another. 

a sampling network of n paral le l ,  collimated radiation beams normally 

d i r ec t ed  e i the r  through the tank parallel  to  the  tank axis o r  a c r o s s  the tank 

0 

2 

Through 
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perpendicular to  the tank axis ,  the mass  within the tank i s  inferred f r o m  

the m a s s  of absorbing mater ia l  located in each beam. 

miss ion  types a r e  depicted in Figure 7. ) The count a t  the i detector is  

(The two t r a n s -  
I 

th 

and p a r e  the liquid and gas 
P L  g 

where  p i s  the attenuation coefficient, 

densi t ies ,  and P and t .  a r e  the thicknesses of liquid and gas within the 

i radiation beam. The m a s s  sampled by the i beam i s  approximately 

i 1 

th  th 

N 

N 

0. 

i 

1 
A. Wi  

P 
1 _ _  ( 3 - 3 j  1 
111 - , + \  - - 

g &i' 
M. = Wi( pL? f p 

1 i 

where  A .  is an  appropriate  a r e a  and W .  an  appropriate  weighting factor.  
1 1 

Typically, for  a sys t em i n  which radiation beams a r e  directed paral le l  

t o  the tank axis,  

(3-4)  
C 

- A 
A =  , W .  = 1 for  all i , 

i n 1 

where  A is the c r o s s  sectional a r e a  of the tank. Then the total m a s s  in 
C 

the tank is 

M =  f M  i 
i =  1 

(3 -5 )  

Thus, the m a s s  in the tank i s  approximated by the summation of the m a s s  

i n  n cyl inders  of liquid and gas,  the amount of liquid and vapor contained in 

the cyl inders  being infer red  f r o m  the radiation attenuation. 
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Two prec-autions must  be taken to insure that Equation ( 3 - 2 )  i s  valid; 

that is, to insure  that the count is exponentially dependent on the m a s s  

interposed between source  and detector.  F i r s t ,  both sou rce  and detector  

must  be t i g h t l y  coll imated so that no c ross ta lk  ex is t s ;  that i s ,  so  that no 

photons enianating f r o m  a source  s t r ike  any detector  o ther  than the one 

direct ly  opposite to  that source.  

s ca t t e r ed  photons a r e  detected, the incident photons must  be discr iminated 

energet ical ly  s o  that only p r i m a r y  photons, those which have not i n t e r -  

acted with ma t t e r  and lost  energy, a re  detected. 

I --Aus, a one-to-one correspondence between mass and a function of 

Second, i n  o r d e r  to  in su re  that no 

r ,  

the detector  ositputs can  be establ ished s o  that the monoenergetic gamma 

t r ansmiss ion  technique i s  capable of providing the requi red  m a s s  measu re -  

ment. 

sys t em i s  given in  Section 4; evaluation of sys tem accuracy  capabili t ies i s  

p resented  in  this  section. 

A detailed descr ipt ion of a monoenergetic gamma t r a n s m i s s  ion 

3. 1. 1. 2 Sampling and Weighting Considerations 

Measurement  technique e r r o r  fo r  the monoenergetic gamma t r ans  - 

miss ion  s y s t e m  is de te rmined  by the validity of the sampling method 

employed. 

ing 

la ted to  yield a f inal  measu remen t  of propellant mass .  

f luid behavior i n  the 

i n  the data  processing,  but that knowledge must  be p rec i se  o r  g ross  e r r o r s  

Essent ia l  to the sampling technique is  the information process - 

scheme  by which the data acquired by each  sampling beam i s  manipu- 

Knowledge of the 

par t icu lar  gravity environment may be incorporated 
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may result .  F o r  example,  in  a low Bond number environment in  which 

a single vapor bubble of spherical  shape is  expected to be present ,  only 

four  degrees  of f reedom exis t  ( the sphere radius- and the th ree  coordinates 

of the sphe re  center )  s o  that the sampling of the bubble thickness in  four 

s epa ra t e  positions through a known geometr ical  a r r a y  uniquely d e t e r -  

mines  i t s  volume and, hence, the total propellant mass- - i f  and only if 

the bubble i s  indeed sol i tary and spherical .  

o r  i f  a bubble c lus te r  exis ts ,  the  m a s s  determinat ion based on four thick- 

nes ses  can  be gross ly  erroneous.  Thus, data processing sys t ems  which 

depend on four independent measurements  of bubble thickness ( o r  on l inear  

programming methods for  m o r e  than four independent measu remen t s )  a r e  

ex t remely  sensit ive to the exact fluid behavior and a r e  of l imited value, 

a t  l ea s t  until actual  space  mis s ions  determine the p rec i se  nature  of bubble 

configurations. 

If the bubble i s  not spher ica l  

More general  sampling methods a r e  desired.  

Fundamental  to the requi red  measurement  sys tem i s  the fea ture  

that all volume increments  within the tank mus t  be weighted equally; that 

is, the  presence  of mass in  any of the volume increments  within the tank 

m u s t  r ende r  a constant contribution to the proper  function of the outputs of 

the de tec tors .  Since sou rce  and detector s i z e s  a r e  l imited,  sampling 

techniques are  required.  

se led ted  volume increments  a r e  interrogated concerning the amount of 

mass p resen t  so that the presence  of mass in  many volume increments  

produces no contribution a t  all t o  the detector  outputs. 

By i t s  very nature ,  sampling implies that  only 

However, the 
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propellant orientation i s  not random so that the presence  o r  absenc e 

of m a s s  in  one par t icular  volume increment  conveys significant infor-  

mation concerning the presence  o r  absence of m a s s  in  nearby increments .  

In a sense ,  the volume increment  within a par t icu lar  sampling beam 

rep resen t s  those adjacent and nearby volume increments  a s  well a s  itself; 

the sum of those volume increments  represented by a volume increment  

within a par t icular  sampling beam i s  defined to be a sampled volume 

element. 

e lements  interrogated by a par t icular  sampling beam mus t  be equally 

weighted; that is, the presence  of m a s s  in  any of the sampling volume 

elements  interrogated by a par t icular  sampling beam must  render  a constant 

contribution to the proper  output function of the detectors .  

A typical sampling beam which passes  through a number of sampled 

The sampled volume elements  

The fundamental  sampling axiom i s  that  a l l  sampled volume 

volume elements  i s  pictured in  Figure 8. 

a r e  pictured a s  disks ( rectangles  i n  the two-dimensional diagram) centered 

over  the sampling beam. 

volume increment  within the radiation beam i s  a s sumed  to represent  cor rec t ly  the 

s ta tus  of the sampled volume element. 

s t a t e s  that  the presence  of m a t t e r  within an  element must  have an  effect 

on the detected signal that  is independent of the location of the element.  

- 
F o r  all of the sampled volume elements,  the 

The fundamental sampling axiom 

Therefore ,  it is des i rab le  to  a r range  the sampling beams in  a pat tern 

such  tha t  the sampled volume elements a r e  a s  compact a s  possible ( s o  that 

all i nc remen t s  of a sampled volume element a r e  c lose to the radiation beam), 
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and a s  uniform i n  s ize  as possible ( s o  that a given m a s s  of propellant 

contains a number of sampled volume elements that i s  independent of i t s  

I geometr ical  location). The location of para l le l  sampling beams a t  the 

center  of zones s imi l a r  to  the Wigner-Seitz zones established by atoms 

in  crystal l ine la t t ices  provides a sampling pat tern in  which al l  points 

within a par t icu lar  zone a r e  nea re r  to  the sampling beam a t  i t s  cen ter  

I 
than to any other  sampling beam. For  optimal application to a cylin- 

I dr i ca l  tank geometry,  the zones assume hexagonal shapes modified a t  the 

tank pe r ime te r  t o  conform with the c i rcu lar  boundary. Thus, the sampling 

beams represent  the amount of propellant located in associated hexagonal 

o i c  quasi-hexagonai cyiinders whose axes a r e  congruent with the sampling 

beams. 

equal ( so  that all sampled volume elements a r e  uniform in s ize) ;  hence, 

A. = A / n  as indicated in  Equation (3-4).  F o r  the equal-sized sampled 

volume element  situation, the weighting fac tors ,  W . of Equation ( 3 - 4), 

should all- be unity. 

The c r o s s  sectional a r e a s  of the associated cylinders should be 

1 C 

1 

Figure  9 depicts the interpretat ion of a paral le l  beam sampling scheme. 

The dashed l ines  outline the associated cylinders of the various sampling 

beams (degenerated to  rectangles in  the two-dimensional representation);  

the liquid-vapor in te r faces  a r e  determined by the sampling beams which 

l ie  along the axes  of the associated cylinders (only one sampling beam i s  

shown i n  the diagram). In a n  actual data processing sys tem,  the longi- 

tudinal placement of the liquid and vapor portions of the cylinders i s  inde- 

te rminant ,  a fea ture  which does not influence total m a s s  estimation. 
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The uniformly-distributed parallel  beam sampling sys t ems ,  compati-  

ble with Equations (3 -3 )  and (3-5), 

est imat ion of propellant m a s s  in  the orientation of F igure  l a  

the careful  location of a number of beams. Optimization of beam location 

i s  achieved fo r  a r r a y s  of seven, ten, twelve, and fifteen through computer 

simulations of the spherical  bubble environment. 

i n  the configuration of F igure  l b  generally is m o r e  accura te  than the 

est imat ion for  the configuration of Figure l a  because deviations a c r o s s  

the assoc ia ted  cyl inders  increasingly compensate a s  the liquid-vapor 

sur face  flattens ( i f  one side of the cylinder holds m o r e  fluid than indicated 

by the sampling beam along the axis, then the other s ide contains an  equal 

amount l e s s  for  a flat interface). 

unique c a s e  when the liquid-vapor interface i s  paral le l  to the radiation beams,  

but the addition of s eve ra l  cross -tank beams should eliminate the difficulty. 

can provide a sufficiently accura te  

through 

The estimation of m a s s  

Some problem i s  anticipated for  the 

In general ,  the para l le l  sampling beam t ransmiss ion  sys tem should operate  

m o r e  accura te ly  in  high Bond number reg imes  than in  low Bond number 

r eg imes ;  1% measurement  technique accuracy i s  achievable in  both regimes.  

3. 1. 1. 3 Computer Optimizations of Sampling A r r a y s  

In o r d e r  to obtain extensive s ta t is t ical  information regarding meas -  

urement  technique e r r o r  (u ), the simulation of a single l a rge  vapor 

s p h e r e  within a tank containing liquid hydrogen has  been accomplished 

by var ious  computer studies. 

is  de te rmined  e i ther  in  a systematic  fashion o r  by means of a ma t r ix  of 

T 

The position of the spherical  vapor bubble 

3-11 



random numbers. Computer simulations have been made for  both cylin- 

dr ica l  and hemispherically-capped tanks. 

lat ions a r e  l is ted subsequently. 

Fea tu res  of the various s imu-  
I 

I 

Simulation SPHCC ( sphe re  centered within a cylinder):  In this case ,  

a spher ica l  vapor bubble i s  centered within a cylindrical  tank, and the 

s i ze  of the vapor bubble is increased  systematically f rom 270 of tank 

capacity to  about 4070 of tank capacity, the 4070 of capacity bubble being 
I 

the l a rges t  sphere  that can fi t  into the tank. 

Simulation SPHTC ( sphe re  tangent to a cylinder):  F o r  this s imula-  

tion, a spher ica l  vapor bubble i s  located internally tangent to the wall of 

a cyl indrical  tank. The s ize  of the vapor bubble i s  increased  sys temat i -  

cally f r o m  about 270 to 4070 of tank capacity; the position a t  which the 

bubble is tangent is rotated about the cylinder so  that a l l  relative locations 

of source ,  detector,  and bubble a r e  examined systematically.  

Simulation RNSPV (randomly oriented sphe res  within the tank volume): 

I F o r  th i s  Case, a spher ica l  bubble either of a predetermined s ize  or  of a 

s i z e  randomly selected between 270 and 4070 of tank capacity is randomly 

located within a hemispherically-capped tank. The position of the center  

of the bubble i s  determined by th ree  computer-generated random numbers 

which cor respond to  the  th ree  coordinates of the center.  

Simulation RNSPT (randomly oriented sphere  tangent to the tank): 

In th i s  simulation, a spher ica l  bubble either of a predetermined s ize  o r  of 

a s i z e  randomly selected between 2% and 4070 of tank capacity i s  located 
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internal ly  tangent to the wal ls  of a hemispherically-capped tank, but 

otherwise a t  random. Again, the position of the center  of the bubble is  

de te rmined  by th ree  computer-generated random numbers  which fix the 

coordinates of the tangent sphere.  

The per formance  of the sys t em in  the presence  of vapor bubbles 

ranging f r o m  27'0 to  40% of the tank capacity is an  adequate index of sys t em 

per formance  under any conditions of fill. 

of capacity) on the average  provide sma l l  measu remen t  technique e r r o r s .  

Bubbles l a r g e r  than 4070 of capacity become elongated, but the m e a s u r e -  

ment  technique e r r o r s  f o r  the elongated bubbles a r e  the s a m e  a s  those 

fo r  the 4070 of capacity bubbles because s y s t e m  e r r o r  assoc ia ted  with 

the  est imat ion of the cylindrical  midsection of the elongated bubble is 

zero. 

to  a n  adequate test .  

Small  bubbles ( l e s s  than 27'' 

Hence, the 27'0 to  4070 bubbles subject the measu remen t  technique 

The computer  simulations of the zero gravity mass measu remen t  sys t ems  

, 

have produced optimal sampling patterns for  seven, ten,  twelve, and fifteen 

sampling beams. The sampling beams a re  para l le l  to  the tank axis  

( tank shape as specified i n  F igu re  2)  and optimization i s  based on the 

informat ion  processing scheme of Equations ( 3 - 3 )  and (3-5) f o r  assoc ia ted  

cy l inders  with equal weighting fac tors .  

f o r  b e a m s  d i rec ted  para l le l  to  the tank axis ,  resu l t s  a r e  presented for  a n  

In addition to  the resu l t s  given 

a r r a y  of fifteen beams  d i rec ted  a c r o s s  the tank. 

The  optimal configurations w e r e  determined by t r i a l  and e r r o r  a l t e r -  

a t ion of p a r a m e t e r s  and evaluation of resu l t s  by the four computer-s imulated 
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zero gravity situations. In general ,  relatively g r o s s  e r r o r s  were  

detected in the centered sphere simulation (SPHCC), the g r o s s  e r r o r s  

occurr ing for spheres  with radi i  nearly equal to a radius  a t  which seve ra l  

sampling lines were  located. 

in the randomly oriented sphere  simulation (RNSPV) due to the low 

s ta t i s t ica l  frequency of occurrence of such bad cases .  

the var ious simulations indicated that the l a rges t  e r r o r s  were  associated 

with (1) l a rge  spheres  centered on a par t icular  sampling line and with a 

radius  near ly  equal to the distance f rom the sphere  center  to nearby 

sampling l ines ,  and ( 2 )  sma l l  spheres  in te rsec ted  by zero  o r  one sampling 

line. 

Such gross  e r r o r s  w e r e  r a re ly  detected 

Examination of 

F igu res  10 and 11 indicate the measurement  e r r o r  a s  a function of 

spher ica l  vapor bubble radius  for  a cylindrical tank containing a centered 

sphe re  (Simulation SPHCC) and an internally tangent sphere  (Simulation 

SPHTC) for  t he  optimal a r r a y  of twelve sampling locations. F igures  1 2  

and 1 3  i h i c a t e  the e r r o r  distributions for  440 bubbles randomly located 

tangent internally to the tank wall (RNSPT) for  the optimal a r r a y  of twelve. 

S imi la r  data for  the a r r a y s  of seven, ten, and fifteen sampling locations 

a r e  contained in  the appendices. In  addition, the effects of modifying 

a n  init ial  Wigner-Seitz sampling pattern of seven a r e  descr ibed in detail 

i n  the appendices. 

The optimal configurations determined by al terat ion of pa rame te r s  

A top view of the and  compar ison  of r e su l t s  a r e  given in Tables  2 - 5. 
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3 - 1 6  





[L 
N O  

W 
n i g  

K 
0 
K 

I W  
~K 

I ?  

r' 

I 3-18 



Table 2. Optimal A r r a y  of Seven Sampling Locations 

Location Radius 
0 

Angle 

1 0. 000 x R 0. 0 

2 . 6 0 0  0. 0 

3 . 6 1 0  120 .0  

4 . 6 2 0  -120.0 

5 . 8 3 3  60. 0 

6 . 843 180.0 

7 . 853 -60. 0 

:;: 
See Figure  14  a). 

.I, -,- 
Table 3. Optimal A r r a y  of Ten  Sampling Locations 

Location 
0 

Radius Angle 

1 0.275 x R 90. 0 

2 , 2 7 5  -90. 0 

3 . 6 0 0  0. 0 

4 . 6 0 0  180.0 

5 . 7 3 0  45. 0 

6 , 8 9 0  90. 0 

. 8 3 0  135. 0 7 

8 . 7 4 0  -135.0 

9 , 8 9 0  -90 .0  

10 . 8 3 0  

:x 
See F igure  14  b). 

-45.0 
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Table 4. Optimal A r r a y  of Twelve Sampling Locations'" 

Location Radius 
0 

Angle 

1 0. 345 x R 0. 0 

2 .345  120.0 

3 . 345  -120.0 

4 .611  60. 0 

5 .611 180. 0 

6 . 611 -60. 0 

7 . 798 25. 0 

8 . 798 145. 0 

9 . 7 9 8  -95.0 

10 .910 90. 0 

11 .910 -150. 0 

12 .910  -30.0 

J. *I- 

S e e  Figure  14  C). 
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Table 5. Optimal Array of Fifteen Sampling Locations 

Location 

1 

0 
Radius Angle 

0.300 x R 0. 0 

2 . 3 0 0  120" 0 

3 . 3 0 0  -120.0 

. 565 

. 565 

. 565 

. 7 2 2  

, 8 4 2  

60. 0 

180.0 

-60. 0 

20. 0 

100.0 

9 .722  140. 0 

10 . 8 4 2  -140. 0 

11 , 7 2 2  -100.0 

12 

13 

,842  

. 9 0 8  

-20.0 

60. 0 

1 4  . 9 0 8  180. 0 

15  . 908  -60. 0 

* 
See Figure 1 4  d). 
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sampling locations i s  given in  F igure  14. 

urement  technique e r r o r s  encountered in  the measu remen t  of tank m a s s  

while a spher ica l  vapor bubble i s  present  a r e  indicated i n  Table 6. 

s tandard deviation of the measurement  technique e r r o r s  is approximately 

equal to the root mean squared  e r r o r s  given in  Table 6. 

i n  the table,  t r ansmiss ion  a c r o s s  the tank for  fifteen beams i s  in fer ior  

to t r ansmiss ion  through the tank with seven  beams;  however, the advan- 

tages  inherent  i n  maintaining the s t ruc tu res  ex terna l  to  the tank may 

w a r r a n t  the use  of the c ross - tank  t r ansmiss ion  techniques in cer ta in  

instances.  

vapor hubt?!e apprGxiiiiiaiiurl. For non-spherical  bubbles, par t icular ly  for  

elongated sausage-shaped bubbles, the e r r o r s  encountered can  be in  excess  

of 2%; however,  energy considerations indicate that such bubbles a r e  not 

i n  equi l ibr ium with the i r  surroundings,  and hence, they r ep resen t  r a re ly  

occur r ing  configurations. 

In addition, the various m e a s -  

The  

As  indicated 

The e r r o r s  must  be considered in  light of the spher ica l  

The possibil i ty ex is t s  that  e r r o r s  f o r  spher ica l  bubbles in excess  

of the max imum e r r o r s  indicated in  Table 6 might be encountered s ince,  

i n  fact, a n  infinite number of sphe re  s izes  and orientations a r e  possible, 

and the computer  simulations check but a finite, albeit  l a rge ,  number of 

cases (ove r  2 , 0 0 0  c a s e s  f o r  each  optimal configuration, many thousand 

additional c a s e s  f o r  c losely-related configurations). However, in view 

of the l a r g e  number of c a s e s  examined, i t  is highly unlikely that e r r o r s  

much in  e x c e s s  of the tabulated maximum e r r o r s  would be encountered 

f o r  sphe r i ca l  bubbles. 
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TOP VIEW OF OPTIMAL ARRAYS FOR SEVEN,TEN, 

TWELVE, AND FIFTEEN SAMPLING LOCATIONS. 
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On the o r d e r  of 2 , 0 0 0  c a s e s  have been examined fo r  each of t h e  

four optimized source-detector  a r r a y s  through the computer  simulations.  

Many thousand additional ca ses  have been studied for  configurations closely 

related to the optimized a r r a y s ;  approximately L O O ,  000 individual c a s e s  

have been simulated. 

tions pe rmi t s  effective s ta t i s t ica l  evaluation of the se lec ted  measurement  

techniques,  thus establishing confidence that the var ied  situations encoun- 

t e r e d  a t  zero  gravity can  be adequately handled by the appropriate  meas- 

urement  technique. 

The magnitude of the number of computer  s imula-  

3. 1. 1. 4 Exper imenta l  Studies 

The experimental  simulation of the propellant configuration of F igure  

l a  is made  possible by the fact  that  the interact ion of radiation with 

m a t t e r  is  dependent upon interact ions of radiation with the fundamental 

pa r t i c l e s  which compr i se  m a t t e r  ( the nuclei and electrons)  r a the r  than 

with the pecul iar  chemical  proper t ies  of the various molecules.  

r e g a r d  t o  absorpt ion and sca t te r ing  phenomena, adequate descr ipt ion can 

be made  in  t e r m s  of the ra t io  of the path length of radiation through the 

matter to the cha rac t e r i s t i c  length of radiation in  the mat te r .  

With 

Simulation of gamma radiation t ransmiss ion  through liquid-vapor 

hydrogen sys t ems  can  be adequately achieved by reduced scale  models 

consis t ing of wa te r  and foam due to  the fact  that  for  relatively high rad i -  

a t ion energ ies ,  the p r i m a r y  interaction between the radiation and e i ther  

s y s t e m  is Compton scattering. When the binding energ ies  of e lec t rons  
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a r e  sma l l  compared to  the impinging photon energ ies ,  the Compton sca t -  

t e r ing  phenomenon i s  dependent on the density of scat ter ing e lec t rons  

and i s  essent ia l ly  independent of the propert ies  of the mater ia l .  

ton sca t te r ing  predominates,  the charac te r i s t ic  length sca les  co r rec t ly  f o r  

all energ ies  and sca t te r ing  angles t ransform identically. Compton 

sca t te r ing  dominates in  hydrogen for  energies  above 1 keV, in oxygen for  

energ ies  above 2 8  keV, and in  wa te r  ( o r  foam) for  energ ies  above about 

2 5  keV. 

coefficient on photon energy for  oxygen and hydrogen; the curves  for  wa te r  

(oxygen and hydrogen) and foam (oxygen, hydrogen, and carbon) a r e  e s s e n -  

t ially coincident with the oxygen curve. 

hydrogen is a lmost  exactly twice that for oxygen (and all other  e lements )  

i n  the Compton domain above about 50 keV because hydrogen has one e lec-  

t ron  p e r  atomic mass unit while oxygen has  one electron pe r  two atomic 

mass units (due to  the presence  of neutrons in  the oxygen nucleus);  thus,  

i n  o r d e r  that the product p p gives co r rec t  weighting to e lectron density 

f o r  both hydrogen and oxygen, the attenuation coefficient of hydrogen i s  

twice that  of oxygen. 

shape f o r  energ ies  g r e a t e r  than 50 keV s o  that the water-foam sys t em 

can  be employed to  s imulate  the liquid-vapor hydrogen sys tem effectively. 

When Comp- 

F igure  15 indicates the dependence of the gamma attenuation 

The attenuation coefficient fo r  

The cu rves  of F igure  15 have essent ia l ly  the s a m e  

At 662 keV, an  energy which corresponds to  the cesium-137 gamma-  

ray ,  the cha rac t e r i s t i c  length in  hydrogen i s  

2 -1 3 -1 
= (. 154 c m  / g m )  ( .071 g m / c m  ) 

= 9 3 c m  
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while the charac.tcrist ic length in  wa te r  is 

2 -1 3 - l  
H 0 = ( .086 c m  / g m )  (1.00 g m / c m  ) 2 

= 11.7 c m  . 

In view of the scaling of charac te r i s t ic  lengths, a liquid hydrogen sys t em 

can be co r rec t ly  s imulated by a one-eighth l inear  scaled water  system. 

The  charac te r i s t ic  length cor rec t ly  scales  so  that the co r rec t  simili tude 

depicted i n  F igure  16 is  accomplished by the wa te r  system. Some addi- 

tional fea tures  of simili tude scaling a r e  d iscussed  in  Appendix D. 

La rge  liquid-vapor hydrogen sys tems have been s imulated by water  

sys t ems  i n  which l a rge  foam voids w e r e  inserted.  

t o  posses s  a density of about 0. 02 g m / c m  

ac te r i s t i c  length in  wa te r  to that in  foam was about 1/50,  the ra t io  identical 

with the liquid-vapor hydrogen system. Simulation of the t r ansmiss ion  

technique in  hydrogen tanks up to  2 5  feet  in length was achieved with a 

The foam was  selected 

3 
s o  that  the rat io  o f  the c h a r -  

cylindrical  tank 3' 6" high by 3' i n  diameter.  

pe r fo rmed  using a 3' high by 2' in  d iameter  cylindrical  tank with a hemis-  

pher ica l  bottom. F igu re  17 pictures  the cylindrical  tank on the t e s t  stand 

with a s o u r c e  and detector  mounted on a movable "0"- f rame for  the 

s imulat ion of ze ro  gravity gamma t ransmiss ion  measurement  sys tems.  

F o a m  voids in se r t ed  into the water-f i l led tanks effectively s imulated the 

propel lant  configuration depicted in F igure  la. 

Additional t e s t s  have been 

source  

A lead coll imator was  employed to r e s t r i c t  

137 
Cen te red  along the lower beam of the "O"-frame was  a C s  

of e i ther  20  or 50 mill icur ies .  

the radiat ion t o  a na r row beam ( ra t io  of half-maximum beam width to  
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distance f rom the source  was approximately 0. 1). Positioned c oIlint,ai-ly 

with the radiation beam on the upper beam of the "O"-framc was ;F 2" x 2 ' '  

NaI(T1) c rys ta l  detector which possessed  a n  efficiency of about 3070 a t  the, 

662 keV cesium gamma energy. 

ployed t o  isolate the p r imary  cesium radiation. 

Electronic energy discrimination was e m -  

Measurements  w e r e  made  for  numerous random locations of 20", 17", 

and 10" d iameter  foam spheres  in  the tanks, the la rge  sphere  occupying 

about 16% of the volume of the cylindrical tank and about 3570 of the hemis-  

pherically-capped tank. 

movable source-detector  "0"-frame at the required sampling locations and 

noting the radiztis:: st tenuat ion for  the 6 6 2  ice" gamma photons; determination 

of "measured  mass" was  made by comparison of the individual r,diation levels 

a t  the various sampling locations with calibration plots of count ra te  a s  a 

function of thickness of absorbing mater ia l  and summing the appropriately 

weighted absorbing thicknesses  to  yield total mass .  

The measurements  w e r e  made  by positioning the 

Emphas is  in  the experimental  program was directed toward the optimal 

a r r a y  of twelve sampling locations since the computer studies indicated that 

about twelve locations were  required to constrain measurement  technique 

e r r o r  t o  the 1% level. The source  s ize  and counting period were  selected s o  

that  approximately 1% stat is t ical  counting e r r o r  was expected for  the maximum 

w a t e r t hi  ck ne s s e s . 
w a s  expected with the experimental  configuration. 

The  r e f o re ,  a pp r oxi m a t e 1 y 2 70 m e  a s u r e m e  nt s y s t e m e r r o r 

The  r e su l t s  of measurements  f o r  the a r r a y  of twelve sampling locations 

a re  indicated in Table 7. In severa l  cases ,  e r r o r s  in  excess  of 270 occurred;  
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the average  measurement  sys t em e r r o r  for the s ixteen cases  was  1. 3%. 

A portion of the e r r o r  can be attr ibuted to calibration difficulties attendant 

to  the flexibility of the source-detector  "0"-frame,  difficulties which would 

be minimized for  a n  actual  rigidly mounted system. Fur the r  experimental  

details ,  including a sample  calculation in  which the measu red  m a s s  is com-  

puted f rom the raw data, a r e  given i n  Appendix E. 

Thus,  sys t em e r r o r  was  est imated f rom the experimental  simulations. 

Throughout the course  of the program, approximately 30 cases  w e r e  inves-  

t igated experimentally,  16 of the cases  being for  the optimal a r r a y  of twelve 

sampling locations ( r epor t ed  in  Table 7) ,  the other  c a s e s  being exploratory 

in  nature  f o r  a r r a y s  of seven, ten, and fifteen sampling locations ( r epor t ed  

in  Appendix E). The experimental  work indicated that 2'70 sys tem accuracy  

could be attained through the monoenergetic t r ansmiss ion  technique and 

verified that the e r r o r  levels  es t imated by the 200, 000 computer s imula-  

t ions w e r e  representa t  ve of physical  systems.  

'5 
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3. 1. 1. 5 Counting Stat is t ics  

Due to  the s ta t i s t ica l  nature of radiation emission,  interaction with 

mat te r ,  and detection, s ta t is t ical  fluctuations in the detected count occur ,  

independent of other  sys t em variables.  Typically, the s ta t is t ical  fluc- 

tuations c a n  be descr ibed by 

u = G ,  N ( 3 - 6 )  

where u is the s tandard deviation and N is the number of counts 

detected. 

proceeds f r o m  a binomial o r  Poisson probability model for  radiation 

emission,  interaction with mat te r ,  and detection, and the mathematical  

model i s  validated by experimental  evidence. Radiation safety require  - 
ments  es tabl ish an  upper limit on the rate  of photon emission by the sou 

N 

The mathematical  description of the s ta t is t ical  fluctuations 

ce 

(F igu re  18 indicates gamma flux equivalent to  1 r / h r  as a function of gamma 

energy);  as a resul t ,  the s ta t is t ical  counting e r r o r ,  d N / N  II: fi/N , i s  

of concern in high energy radiation information t ransmi t ta l  systems.  

mentioned with respec t  to  General  Specifications, the 270 sys tem accuracy 

As 

requi rement  implies  that the s tandard deviation of the s ta t is t ical  counting 

e r r o r  should be constrained to  the 1% level while flux levels must  be con-  

s t r a ined  to 5 m r / h r  at the tank surface.  

Stat is t ical  counting requirements  determine the source  s ize  for a 

par t icu lar  application. 

model,  the p r i m a r y  count (N)  for a fixed source-detector  geometry i s  expo- 

nentially dependent on the thickness of interposed m a t t e r  (x) so  that 

Contingent upon the validity of the attenuation 
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-x/  x N = N e  
0 

( 3 - 7 )  

a s  descr ibed by Equation (3-1). 

cates  that fluctuations in  the count obtained a r e  in te rpre ted  a s  fluctuations 

in  the thickness of interposed mat te r :  

Differentiation of Equation (3 -7 )  indi- 

o r  

x 
L L 

- -  d x  - -  d N  
N 9 (3-9)  

where L i s  t h e  m-axirr-rz~~ p n c s i b l e  t h i c k n e s s  of a b s u r b i n g  mater ia i ,  

approximately equal to the sour ce-detector distance. 

cor responds  to  ;he fract ional  e r r o r  level, 

The quantity d x /  L 

0. 01 fo r  1% accuracy. The 

one s tandard deviation fractional e r r o r  i s  re la ted to the full tank count 

as a resu l t  of Equation (3-9): 

(3-10) 

where  N r ep resen t s  the full tank count; that  i s ,  N i s  required when the 

maximum thickness of abso rbe r  is interposed between source and detector. 

Hence, the required count to yield a one s tandard deviation fractional 

f f 

counting e r r o r  F is 

(3-1 1)  
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The parameter  N , the number of counts detected when the absorber  

i s  removed, is :  

0 

- 

Equation ( 3 - 7 )  becomes 
-I 

(3-12) 

(3-13) 

The fract ional  s ta t i s t ica l  counting e r r o r  is much bet ter  than F when 

some of the abso rbe r  is removed (x < L): 

-(L - x ) / 2  x 
(3-14) -- - - -  - X f F  - F e  

d x  
L L N 

so that 
d x  < - < F f o r O - x < L .  
L (3-15) 

The source  s t rength in  cu r i e s  required to yield a maximum fractioiial 

counting e r r o r  F is 

3 

where  A is the detector  a r e a ,  1 the detector efficiency, T the 

counting t ime  interval ,  and R the source-detector  distance ( R  2 L). 

d 
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Unfortunately, the existence of background noise requi res  t h e  use  of 

a sou rce  g rea t e r  than that determined by Equation (3-16). Under full tank 

~ conditions, the detected count N consists of signal counts ( N  ) and back- f S 

ground counts ( N  ): 
b 

N T = N  S t N b  . (3-17) 

The signal count can  be extracted f r o m  the total count by various subt rzc-  

t ive techniques, but the s tandard deviation of the total  count i s  subject to 

fluctuations in  both the signal count and the background count. A s  a resul t ,  

Equation (3-10) indicates that 

(3-18) 

imax 

To achieve a fract ional  s ta t i s t ica l  counting e r r o r  equal to o r  l e s s  than 

F at full  tank, 

2 F'L' S 

X 2 N b  \l'' 
t - 

F2 L2 I 
(3-19) 

2 2 2  
Division of the right hand member  of Equation (3-19) by X / F  L yields 

the fac tor  by which source  s t rength in a noisy environment (S ) must  be 

i n c r e a s e d  ove r  the source  s t rength in  a noiseless environment (S) in o rde r  

b 

to  maintain the  s a m e  s ta t i s t ica l  counting accuracy:  
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The full tank signal count required to give fract ional  s ta t is t ical  counting 

e r r o r s  of one o r  two pe r  cent as a function of background noise count is 

indicated in  F igure  19 fo'r various values of the ratio L/X . 
Stat is t ical  counting e r r o r s  can be maintained a t  the 1% level without 

causing undue radiation hazard. F o r  example, a ces ium-  137 t ransmiss ion  

sys t em of ten  radiation beams can reach 650 c m  of LH 

s ta t i s t ica l  counting accuracy  and a flux level of l e s s  than 5 m r / h r  a t  the 

(7 X ) with 1% 2 

detector  under empty tank conditions when the radiation ievei is a maxi- 

mum. The requi red  count under full tank conditions i s  determined by 

noise l imitations.  

a g rea t  deal  of certainty,  but a reasonable es t imate  for  a pair  of 3" 

In outer  space,  the background noise is not known with 

d iameter  by 3" thick c rys t a l  detectors  in the 662 keV energy window i s  

about 40 counts /second of background noise. 

a total  noise count of 400 counts/second o r  200 counts per  0. 5 second 

response  t ime  can be expected. 

r equ i r ed  to  yield 1% accuracy  i s  about 300 counts/O. 5 second response 

F o r  ten such detection units, 

F r o m  Figure 19, the total detected count 

t ime  o r  60 counts /second pe r  detector  pair. Since the detectors  a r e  about 3070 

efficient at 662 keV, a total  of about 200 counts/second per  detector pair  is 

required.  

F r o m  Equation (3-11), the empty tank count ra te  per  detector pair  would be 

7 4 
N = N e  L / x  = e (60 cps)  = 6.6 x 10 cps. 
0 f 
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The corresponding flux level a t  the detector would be 

4 6.6  x 10 
N 
0 3 counts 

see cm 
2 = 2.4 x 10 - - - -  

B 2 
4 0. 3 x 2 x - ( 3  in x 2 .  54 c m / i n )  ‘ *d 

$0 - 

Figure  18 indicates that  such a flux level corresponds to about 3 m r / h r .  

Thus, a single t ransmiss ion  beam is  capable of penetrating about 650 

c m  of LH A sys t em in which the sou rces  a r e  located 

in the center  of the tank and the detectors a r e  located a t  opposite ends of 

the tank is capable of providing 

a 42-foot tank. 

f o r  which the t r ansmiss ion  technique is applicable, but the upper l imit  

is about 30 fee t  for  a single plane of detectors.  Alternatively,  the d i r ec -  

t ion of radiation beams a c r o s s  the tank provides the required m a s s  m e a s -  

urement  f o r  liquid hydrogen tanks of any length, a s  long a s  the tank d iameter  

is l e s s  than 30 feet. 

o r  about 21 feet. 2’ 

a 270 zero gravity m a s s  measurement  for  

Use of higher energy radiation increaseq t h e  tank l ength  

3. 1. 1. 6 Tank Size,  ShaDe. and Internal S t ruc ture  Considerations 

The number of sampling beams required to achieve measurement  tech- 

nique accu racy  of 17’0 of tank capacity is independent of tank s ize  ( for  the 

specif ied length-to-radius ra t io  of 4) as long a s  the radiation beams pene- 

t r a t e  through the tank volume, but i t  is dependent on tank shape a s  long a s  

only a small volume of the tank is sampled. Quantitative studies of the 

number  of sampling l ines  required a s  a function of the tank length-to-radius 

r a t io  have not been pursued, but qualitatively, the requi red  number of 
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sampling lines i s  inversely dependent on the length-to-radius ratio. 

The res t r ic t ions  imposed by the conflict between counting s ta t i s t ics  

and radiation safety requirements  indicate that the gamma t r ansmiss ion  

technique i s  applicable with a single plane of detectors  to liquid hydrogen 

tanks up to  30  feet  long. 

planes of detectors  located a t  the tank extremit ies ,  the m a s s  measurement  

With sources  positioned within the tank and 

can  be provided fo r  hydrogen i n  tanks up to 60  feet  i n  length. 

due to  the extremely shor t  character is t ic  length of even high energy 

gamma radiation in  liquid oxygen, the t ransmiss ion  technique i s  inappl cable 

for  all but the smal les t  of oxygen tanks. The pract ical  l imit  on t ransmiss ion  

f o r  a single plane of detectors  i s  l e s s  than three  feet  of oxygen. 

the monoenergetic gamma t ransmiss ion  technique is applicable in  genera l  

t o  the measurement  of hydrogen m a s s  i n  l a rge  tanks, but i t  is  inadequate 

fo r  the measu remen t  of oxygen mass.  

However 

Hence, 

Fixed in te rna l  s t ruc tures  a r e  of negligible concern for  the radiation 

m a s s  measu remen t  sys t ems  since the i r  sole influence i s  to cause a con- 

s tant  absorpt ion and/ o r  s ca t t e r  of radiation, effects that  can be eliminated 

through calibration. Similarly,  lightweight movable internal  s t ruc tures  

(nylon baffles and the like) a r e  essentially negligible due to their  slight 

interact ion with the radiation. Dense moving s t ruc tures ,  however, a r e  of 

s e r ious  concern as they cause a changing absorption of radiation that can 

be in t e rp re t ed  as m a s s  changes. Detailed knowledge of the position of such 

s t r u c t u r e s  i s  required to  permit  proper  calibration to  compensate for  their  
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dynamic absorption propert ies .  

internal  s t ruc tu res  modify the tendency of sur face  fo rces  to form spher ica l  

F o r  low Bond number si tuations,  the 

vapor bubbles, par t icular ly  for  nearly empty tank situations,  but the extent 

to which the s t ruc tu res  affect the propellant location is not known at  the 

p r e s  ent. 

The most  typical internal  s t ruc tures  a r e  expected to be s ta t ic  i f  heavy 

o r  light i f  movable; hence, i t  is expected that compensation for  the i r  

p resence  ei ther  i s  not required o r  can be accomplished readily through 

proper  cal ibrat ion techniques . 

3 .  1.  1 .  7 Recommendations 

The monoenergetic gamma t ransmiss ion  technique is applicable 

without internal  s t ruc tu res  to liquid hydrogen tanks of any length with 

d i ame te r s  of thir ty  feet  o r  l e s s  for  sources  and detectors  located along the 

tank s ides  o r  for  tanks up to thir ty  feet  in length for  sources  and detectors  

located a t  the tank ends. With internal  s t ruc tu res ,  the technique is appli-  

cable to  any s ize  of hydrogen tank. In general ,  the technique i s  inadequate 

f o r  the measu remen t  of liquid oxygen. 

As indicated in Table 6, a r r a y s  of twelve o r  f i f teen radiation beams 

para l le l  to the tank axis  a r e  capable of a measurement  technique e r r o r  of 

l e s s  than one p e r  cent i n  the measurement  of spher ica l  vapor bubbles. The 

a r r a y s  of seven and ten beams a r e  marginally sat isfactory.  

The p r i m e  disadvantages d the t ransmiss ion  technique a r e  radiation 

h a z a r d  in  accident  si tuations (which must be minimized by source 
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encapsulation techniques) and interference with nuclear  experiments.  

l a t t e r  disadvantage can be minimized by tightly-collimating the radiation 

beams (par t icular ly  for  the sys tem in which the sou rces  a r e  placed along 

the tank s ides  and directed a c r o s s  the tank into space) ,  and by providing 

shut te rs  f o r  the sources .  

(on the o r d e r  of s e v e r a l  hundred pounds) and inapplicability to  cer ta in  

propellant configurations (notably sausage-shaped bubbles). 

The 

Other disadvantages include shielding weight 

The monoenergetic gamma t ransmiss ion  technique is recommended 

for  zero  gravity liquid hydrogen m a s s  measurement;  sys t em details  a r e  

given in  Section 4. 

3. 1. 2 X-Rav Transmiss ion  Techniques 

Continuous radiation techniques c a n  employ e i ther  nuclear  b rems  - 

st rahlung o r  X-ray  radiation. 

tages  over  nuclear  bremss t rah lung  techniques, attention is devoted to 

X-ray  sys tems.  

Since X-ray techniques offer cer ta in  advan- 

3. 1. 2. 1 General  Description and Applicability 

X-ray  sources ,  which emi t  a spectrum typified by Figure  5, find wide 

use  i n  industry and medical  practice.  

requi rement  for  high stabil i ty of the source o r  monochromaticity of photon 

energies .  

In these applications, t he re  i s  no 

The total X-ray  energy under the curve of F igure  5 i s  proportional 

t o  the squa re  of the X-ray tube anode voltage fo r  a fixed anode current.  

3 -44 



Thus any X - r a y  tube which i s  to have output fluctuations l e s s  than 1 pe r  

I cent must  control  the anode voltage to better than 1 / 2  p e r  cent. Since 

o ther  fac tors  a l so  affect  the output, the anode voltage mus t  be controlled 

to  about 1/40/0. 

monitoring the output and compensating with electronical ly  var iable  gains 

I 

Techniques used to circumvent the stabil i ty problem by 

I 

i n  the detectors  become quite complex. 

Additionally, for  compact  X-ray tubes and power supplies, the anode 

I voltage r a r e l y  exceeds 100 kilovolts. An examination of F igu re  5 shows 

that the number of photons emit ted with energy i n  e lec t ron  volts equal to 

t h e  ancde vdtagrt in volts approaches zero;  in  no case  a r e  photons emitted 

with energ ies  in  excess  of the anode voltage. 

mass attenuation coefficient fo r  hydrogen is  0. 154 c m  / g m  at 662 keV for  

Cs137 and 0.295 c m  / g m  a t  100 keV. 

i n  hydrogen a t  662 keV is 0. 520f that at  100 keV, so  one could expect a 

100 keV source  to  provide a penetration depth of approximately half that 

attainable with a 662 keV source.  One might a rgue  that a 100 keV X-ray 

source  could be used through hydrogen for dis tances  of 13 feet ,  i f  a 662 keV 

Figure  15 shows that the 

2 

2 
Thus the mass absorpt ion coefficient 

137 
C s  source  could be used fo r  penetration depths of 2 5  feet. In many 

applications,  this would be t rue  if the X-ray source  voltage w e r e  inc reased  

above 100 kV s o  that  the number of photons with energ ies  near  100 keV 

source.  
137 

equaled the  number of photons emit ted by the  662 keV C s  

Weight considerat ions for a n  X-ray t r ansmiss ion  measu remen t  sys t em 

depend l a rge ly  on recent  developments in  the production of the smal l ,  
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compact power supplies which have been reported.  The use of a single 

high voltage supply and heavy high voltage cables connected to the indi- 

vidual units might prove to be l e s s  advantageous than the use of individual 

power supplies actually constructed around the X-ray  tubes. High voltage 

insulation requirements  in o r  near  the propellants might be decisive. 

Questions a r i s e  concerning the ability to develop a one-to-one 

correspondence between a function of detector outputs and the propellant 

m a s s  within the tank. 

( re la t ively l i t t le energy i s  radiated in  the charac te r i s t ic  X-ray peaks) ,  

i t  i s  difficult to isolate  p r imary  radiation (that radiation which has  not 

interacted with the interposed ma t t e r )  by the use of energy discrimination, 

a technique which pe rmi t s  the use of the unique relationship between count 

and thickness of interposed abso rbe r  given by Equation ( 3 - 2 ) .  It is diffi- 

cult to es tabl ish a unique relationship between the detector s ignal  received 

f rom diffused o r  s ca t t e r ed  nuclear  o r  X-ray radiation and the m a s s  of fuel 

present  for  a pract ical  number of detectors and sources  i f  one is to  requi re  

2% accuracy  f o r  all cases .  

high accuracy  with point detectors  has  been too superficially t rea ted  in  many 

proposed approaches.  

Since the X-ray  spec t rum i s  essent ia l ly  continuous 

The problems of obtaining uniqueness with 

To  a s s u r e  uniqueness of the sampling sys tem of twelve o r  fifteen 

sampling cyl inders  as recommended by this study, it i s  essent ia l  that 

each de tec tor  s ense  only interactions within i t s  own associated cylinder. 

Since Compton sca t te r ing  f r o m  other cylinders occurs  with energy 
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degradation, one cannot se lec t  a band of energy within the X - r a y  energy 

spec t rum but instead, one must  utilize a band of the highest  energ ies  and 

exclude all lower energies.  

compatible with conventional X-ray spec t ra  unless  exceedingly high requi re -  

ments  a r e  placed on the stabil i ty of the source and detector  electronics.  

In contrast ,  the monochromatic nuclear source  is ideally sui ted to energy 

discr iminat ion s ince the m a j o r  f ract ion of the energy emit ted is a t  a high 

d i sc re t e  energy with a low energy plateau immediately below the d i sc re t e  

emis s ion  s o  that high stabil i ty i n  the electronics f o r  discr iminat ion is not 

r equi red. 

F igure  5 shows that th i s  requi rement  i s  not 

Collimation of the X-rays  and/ or  the individual pulsing of source  - 

detector  p a i r s  in  t ime  sequence does not solve the problem of uniqueness 

although i t  e l iminates  crosstalk.  

arises f r o m  the fact  that  the measurement  involves fuel thicknesses  of 

many cha rac t e r i s t i c  lengths which axiomatically implies  complex, geometry 

dependent multiple scat ter ing.  

technique be r e s t r i c t e d  to  non-scat tered photons o r  to  photons sca t te red  

through a small angle. 

band at the top of the energy spec t rum must  be used to  a s s u r e  that these 

r equ i r emen t s  a r e  met.  

The difficulty regarding uniqueness 

Uniqueness r equ i r e s  that the detection 

Energy  d i s c r h i n a t i o n  with the selected energy 

X-rays  c a n  be produced which approximately mee t  the monochromatic 

r equ i r emen t  if the  low energy photons a r e  usable and the low efficiency 

a s soc ia t ed  with the method of photon production can  be tolerated.  The 
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technique involves using the continuous radiation (bremsstrahlung)  pro-  

duced f rom a heavy ta rge t  such a s  uranium which i s  bombarded with an  

electron beam of the o r d e r  of 125 keV. The bremsstrahlung produced 

i s  allowed to s t r ike  a ma te r i a l  of lower atomic number such a s  lead. 

The lead, which has a n  absorpt ion edge at 88.0 keV and a K emiss ion  

l ine of 74. 9 keV, then isotropically emits a K line. Platinum o r  

i r id ium o r  a P t I r  alloy can be used a s  a f i l t e r  since the i r  absorpt ionedges 

a r e  a t  78. 4 keV and 76. 1 keV, respectively. This procedure provides 

a "line" spec t rum a t  74. 9 keV whose energy bandwidth i s  probably narrow 

a 1  

a 1  

enough to  be used with energy discrimination and collimation, especially 

i f  the pulsed t ime sequential mode of operation i s  used to eliminate c r o s s -  

talk and sca t t e r  f r o m  adjacent beams. 

The energy discr iminat ion technique of assur ing  uniqueness of in te r -  

action volume and output signal becomes m o r e  difficult a s  the energy i s  

lowered. This can be understood f rom the energy formula for  Compton 

scat ter ing,  which i s  

2 
0. 196 E (1 - cos +) 

(3-21) 0 
T =  

1 t 0.196 E (1 - cos +) ' 
0 

where  T 

to  the energy  gain of the ejected electron),  E 

is the energy lo s s  of the incident photon in  the coll ision (equal 

is the energy of the incident 
0 

photon, and  + i s  the angle between the direct ion of the incident photon 

and  that  of the sca t t e red  photon. T and E a r e  measu red  in MeV. It i s  

readi ly  obvious f r o m  Equation (3-21) that the fract ional  energy loss  

0 
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f o r  E l e s s  than 1 MeV is approximately proportional to E ; 
0 

662 
therefore ,  i t  is of the o r d e r  of - 2 8 t imes  m o r e  difficult to use 

I 7 5  

energy discr iminat ion in Compton scat ter ing a t  7 5  keV than i t  i s  a t  662 keV. 

Experimental  t e s t s  would have to be run  with a l l  of the elements  in  

place to determine how well the low energy X-ray  technique would work  

in  actual  measurements .  

I 

An al ternat ive approach in  which the total  radiation count i s  con- 

s idered  ignores  the p r imary  radiation and depends on a non-exponential 

re la t ionship between count and interposed mass .  

advantage of build-up, whereby the majority of the photons reaching the 

detector  has  been scat tered.  However, inclusion of build-up in  the 

data processing des t roys  the uniqueness of the relationship between count 

and interposed mass .  

Such a n  approach takes  

The adve r se  effect of build-up onthe unique interpretat ion of detected 

count f o r  a t r ansmiss ion  measurement  scheme in which the thickness of 

the a b s o r b e r  i s  in te rpre ted  f rom a n  inverse function of the count r a t e  is 

indicated i n  F igu re  20. 

l ines ;  the dashed l ines  in  the upper i l lustration correspond to the photon 

paths i n  the  lower diagram. In the lower d iagram,  m o r e  photons reach  

the de tec tor  than in  the upper diagram, despite the fact  that  m o r e  absorb-  

ing m a t e r i a l  i s  present .  

(exemplif ied by beam 2)  is the same  in both cases .  Thus, i f  build-up i s  

included i n  o r d e r  to inc rease  the count ra te ,  the one-to-one correspondence 

Typical photon paths a r e  indicated by the solid 

In contrast ,  the number of non-interacting photons 
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between count ra te  and abso rbe r  thickness is destroyed. 

and 20b depict an ex t reme example; nonetheless, they i l lus t ra te  the 

unintelligibility of build-up information i n  the unique determinat ion of 

propellant m a s s  between source and detector. 

F igu res  2Oa 

The effects of build-up on count rate a r e  indicated in  F igure  21, 

experimental  data relating one minute counts to the thickness of a wa te r  

absorbing medium fo r  a 20 mCi cesium-137 source.  

energy charac te r i s t ic  of the ces ium-  137 photons, the charac te r i s t ic  length 

is 11. 7 c m  in water ,  11. 2 cm in liquid oxygen, 93 cm i n  liquid hydrogen. 

The lower curve indicates the count ra te  i n  the 662 keV energy window; 

the upper  curve  indicates the total  count rate.  

up t o  the total  count r a t e  i s  evidenced by the non-logarithmic behavior of 

the total count rate.  

At 662 keV, the 

The contribution of build- 

As the f igure indicates,  deviation in the logarithm of the count r a t e  

exceeds 270 a t  about 90 to 95 cent imeters ,  a distance corresponding to 

about 8 cha rac t e r i s t i c  lengths. F o r  this par t icular  experiment,  the spur -  

ious na ture  of the count r a t e  for  extreme water  thicknesses  is due to a 

background of about 10 counts/second, a s  descr ibed by Figure  19 and 

Equation (3-19). 

Even  under  ideal conditions in  which the uniqueness between the pro-  

pellant mass and the count a t  the detector can be optimized s o  that 270 

m e a s u r e m e n t  technique accuracy  can be obtained, consideration of the 

total  count fails to  produce any significant range extension due to  a 
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I flattening of the curve relating count ra te  to  penetration distance through 

1 the absorber .  

~ 

The build-up factor  can  be modeled a s  a geometry-dependent mult ipl ier  

I of the p r imary  count: 

Nt = B N  , 
P 

(3-22) 

where  N i s  the total count, N the pr imary  count, and B the build-up 
t P 

factor.  The build-up factor  exhibits complex geometr ical  dependences and 

can  be determined f o r  given geometr ies  only by sophisticated numer ica l  

techniques and experimentation. An approximate function, appropriate  

in  s0rn.e genm-etrier, exhibits an e x p ~ z ~ i ~ t i a ?  dependence C i i  t h i c k n e s s  of 

a b s o r b e r  
5 

¶ (3-23) 
b xfh 

B z e  

< where  b is a positive coefficient (0 - b < 1). As a resu l t  of Equa- 

tions (3-l), (3-22), and (3-23), the  total count may be wr i t ten  

-x/X (1 - b) N e  Nt 0 
(3-24) 

(3-25) 

There fo re ,  

* h 
L ( l  - b) N - = F =  

max tf 

(3-26) 
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where Nt i s  the full tank total  count. 
f 

Since the factor  (1  - b) is l e s s  than unity, the fractional counting 

e r r o r  F is m o r e  sensi t ive to  count fluctuations i n  N than i n  N (full 
t , pc I I 

tank p r imary  count), a s  comparison of (3-26)  with (3-10) indicates. 

Compensation for  the increased  sensitivity i s  provided by the increased  

count s ince N > N . The extent of the compensation can be de t e r -  

mined by numerical  evaluation of (3-26) and (3-10). 

t P 

In  general ,  the 

inc reased  sensit ivity of f ract ional  counting e r r o r  to fluctuations i n  the 

count due to  the  flattening of the total  count curve implies that 1% counting 

accuracy  requi rements  cannot be achieved beyond about ten charac te r i s t ic  

lengths (of the p r imary  o r  highest energy radiation) consistent with the 

5 m r l h r  safety requirements .  

3. 1. 2 .2  Recommendations 

The mos t  promising X-ray t ransmiss ion  sys t em is one in  which the 

l l o n l l  cycle of var ious source-de tec tor  pa i r s  i s  commutated to eliminate 

crosstalk,and energy discr iminat ion i n  a high energy band of f i l tered 

cha rac t e r i s t i c  radiation i s  employed to  permit  detection of p r imary  pho- 

tons so that a geometry-independent exponential relationship between 

count a t  the  detector and interposed mass  such a s  Equation ( 3 - 2 )  i l lus t ra tes  

can  be employed. 

high energy  X-rays is about one-half that fo r  ces ium o r  cobalt mono- 

energe t ic  gamma emi t t e r s  so that the technique would be effective for  

F o r  such a sys tem,  the charac te r i s t ic  length for  the 
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b 
hydrogen tanks up to about 25 feet  in length. The requi red  commutation 

scheme would influence sys t em response t ime and count loss ;  by pulsing 

groups of t h ree  o r  four widely separated radiation beams a t  a t ime,  

counting t imes  on the o r d e r  of 200 mill iseconds pe r  detector could be 

achieved so that the 0. 5 second response time requirement  could be m e t  

without encountering seve re  count loss  problems. However, since only 

a sma l l  f ract ion of the X-ray energy would be of concern,  high flux 

levels  might be requi red  at the detectors,  even under full tank conditions 

so that feedback control of the X-ray generation might be required i f  

f i l tering of the undesirable radiation does not prove effective. 

discr iminated high energy X-radiation t r ansmiss ion  sys t em might be 

subject to e lectronic  complexity in o rde r  to a t ta in  2% sys t em accuracy. 

With respec t  to X-ray t ransmiss ion  techniques, it is recommended 

Hence, the 

that a n  experimental  study be init iated to determine the ability to produce 

and use  monochromatic high energy X-rays.  The technique of employing 

a 125 kV X-ray tube and a uranium ta rge t  to genera te  considerable high 

energy bremsstrahlung,  and directing this bremss t rah lung  onto a lead  

t a r g e t  appea r s  feasible. If the energy spec t rum obtained can  be made  

sufficiently intense in  a relatively narrow energy band, the need for  commu- 

ta t ion of X-ray  tubes along with i t s  attendant e lectronic  complexity might 

be eliminated. Range studies and zero gravity simulations could be 

achieved with wa te r  and water-foam systems as they were  achieved in  this  

study fo r  cesium-137 radiation. Industrial  Nucleonics Corporation is 
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constructing a 125 kV X-radiation source and would be capable of imple-  

menting the X-ray generation and range studies with existing t e s t  f ixtures  

and apparatus.  The recommended study should lead to conclusions r e -  

garding the necessi ty  of feedback control and commutation of the X-ray 

tubes as well as the experimentally determined ranges of penetration and 

measu remen t  sys tem accuracy. 

3. 1. 3 Diffusion Techniques 

Diffusion measurement  sys t ems  a r e  those in  which the detection of 

radiation is accomplished with l i t t le regard  to the direction f rom which the 

radiation strikes the de tec tc r .  III gene1-31, t h e  tsta! radiatior; count is 

considered and the development of a unique correspondence between some 

function or' the de tec tors  and the m a s s  in the tank is dependent on a c lever  

location of sources  and detectors.  

3. 1. 3. 1 General  Description and Applicability 

Ser ious  question a r i s e s  concerning the ability to determine a one- 

to-one correspondence between propellant m a s s  and a function of the out- 

puts of the detectors.  The geometr ical  effects of build-up considered for  

X-ray  sys t ems  a r e  exaggerated if no directional information is extracted 

f r o m  the radiation. 

of 1% s ta t i s t ica l  counting accuracy  beyond about ten charac te r i s t ic  lengths, 

even independent of the geometr ical  effects. 

Consideration of total radiation count is incapable 

In addition t o  the  dependence 

of the count r a t e  on the geometr ical  location of the propellant due to  build-up, 
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diffusion techniques a r e  subject to  the unintelligibility of c ross ta lk  between 

sources  and detectors .  

c ros s t a lk  e r r o r s  for  a sistuation in which a flat  liquid sur face  a s s u m e s  

var ious orientations in  the tank i s  given in  Appendix C. 

An example which indicates the magnitude of 

It i s  not possible to prove that no location of numerous sou rces  and 

detectors  can  be found such  that measurement  technique e r r o r  is  l e s s  

than one o r  two per  cent for  the a rb i t r a ry  fuel configurations given in  

F igu re  1 while permit t ing the existence of and taking advantage of c r o s s -  

talk and build-up. 

individually; very  few guiding principles a r e  available with which to  reduce 

a n  infinite number of possible configurations to a t ractable  number. 

the use  of high speed computers  fa i ls  to compensate  for  a lack of guiding 

principles.  A s  a resu l t ,  i t  can only be s ta ted that, on the basis  of e r r o r s  

typically assoc ia ted  with measurements  i n  which c ross t a lk  and build-up 

predominate,  i t  is highly unlikely that a source-de tec tor  configuration 

ex is t s  capable of 1% measuremen t  technique e r r o r .  

Eve ry  prospective configuration mus t  be examined 

Even 

3. 1. 3. 2 Recommendations 

Diffusion techniques a r e  not recommended because they fail to  provide 

a one-to-one correspondence between propellant m a s s  and some function 

of the de tec tor  outputs. The two phenomena mos t  significantly respons i -  

ble f o r  the l ack  of a unique correspondence a r e  count r a t e  dependences on 

geomet r i ca l  location o f  propellant due to build-up, and unintelligible c r o s s  - 
talk. It is improbable  that any source-detector  configuration ex is t s  i n  
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which measurement  technique e r r o r  of 1% o r  l e s s  is attainable. 

3 .  1. 4 Scat ter ing Techniques 

Scat ter ing measu remen t  sys t ems  a r e  based on appropr ia te  m e a s -  

urements  of s ca t t e r ed  radiation only s o  that  the de tec tors  a r e  placed such  

that t h e  p r i m a r y  radiation detected is minimized. 

radiation beam i s  coll imated and measurement  is made  of the sca t te red  

radiation a t  ce r t a in  angles to the coll imated beam. 

m e a s u r e  the radiation that has  been sca t te red  through 180 . 

In general ,  the p r imary  

Backsca t te r  devices 

0 

3 .  1. 4. 1 Genera l  Description and Applicability 

A s  m a s s  sensi t ive techniques, scat ter ing methods a r e  subject to the 

s a m e  difficulties that  bese t  diffusion techniques, namely, count r a t e  

dependence on geometr ica l  location and unintelligible crosstalk.  P r e c i s e  

evaluation of sca t te r ing  sys t ems  is dependent on sophisticated numerical  

ana lys i s  . 
Probably the m o s t  relevant data concerning the use of scat ter ing o r  

diffusion techniques f o r  fuel tank measurements  have been calculated by 

M. 0. B u r r e l l  of George C. Marshal l  Space Flight Center  ( N 6 2  14720 

NASA TN D-1115). The  r e su l t s  of a par t  of his Monte C a r l o  calculations 

concerning a n  18. 4 foot high by 30 foot diameter  liquid hydrogen cylinder 

( r igh t  c i r c u l a r )  a r e  shown i n  F igure  22. 

located on the axis of the cylinder 11. 2 5  feet  f r o m  a n  end of the cylinder. 

The c u r v e s  (A), (B),  and (C) r ep resen t  the relat ive number of photons 

A 1 MeV gamma source  was 
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I cxs;caping pe r  unit arc’a of cylindvr wall a t  various positions around t h c  

I cylinder. The cut-off energy was taken a t  2 5  kcV in the Monte C a r l o  

calculation, a n  apprupriate  energy fo r  fuel tank applications since photons 

with energ ies  of l e s s  than 2 5  keV would not penetrate through the aluminum 

walls  of a n  actual  fuel tank. 

I Even though the  photon flux distribution within the tank is not explicitly 

calculated, it i s  apparent  that  the change in  flux within and around the 

cylinder is quite significant. N o  simple solution of fuel quantity m e a s -  

urement  is apparent  and i t  is  highly doubtful that  any optimized solution 

can be obtained even with a sophisticated computer  analysis.  

Again, it  is difficult t o  es tabl ish a unique correspondence between the 

mass within the tank and a function of the detector  outputs. 

3 .  1. 4. 2 Recommendations 

Scat ter ing techniques a r e  not recommended as mass sensit ive meas- 

u remen t  s chemes  because it is improbable that any one-to-one correspondence 

between propellant mass and a function of detector  outputs can be found 

accura t e  t o  one p e r  cent. F o r  scat ter ing techniques, g r o s s  count r a t e  

dependences on the geometr ical  location of the propellant due to build-up 

and unintelligible c ros s t a lk  a r e  chiefly responsible  for  the lack of unique 

cor respondence .  
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3 .  2 Volume Sensitive Measurement Schemes 

Three  fundamental radiation techniques a re volume sensit ive in 

nature. These techniques a r e  shadow methods, logic methods, and 

t r a c e r  techniques. 

accompany the sensing of volume so that propellant m a s s  can be inferred.  

P r e s s u r e  and /o r  temperature  measurements  must  

3 .  2. 1 Shadow Techniques 

Shadow measurement  sys tems comprise  those sys tems in which a 

"shadow", o r  low radiation flux region, is cas t  by interposed m a t t e r  on 

a l a rge  detector.  

extent of sources  and /o r  detectors  over one o r  m o r e  dimensions. An 

example of a typical shadow sys tem is given in  F igure  23a, in  which a 

line sou rce  and l ine detector extend along the ent i re  tank. 

interposed between source  and detector prevents low energy radiation 

emanating f r o m  the sou rce  f rom reaching the detector;  essentially,  a 

radiation "shadow" i s  ca s t  on the detector. In cer ta in  variations,  either 

the sou rce  o r  detector may be degenerated to point s ize ,  but the mated 

unit m u s t  extend significantly over  one o r  m o r e  geometr ical  dimensions,  

as depicted in  F igure  23b. 

A fundamental feature of the shadow sys t em i s  the 

The m a s s  

Since the detector outputs a r e  functions of the geometr ical  extent 

n the tank, the shadow measurement  of the shadows cas t  by the m a s s  

methods a r e  volume sensit ive in  nature despite the fact  that  the interaction 

between the radiation and ma t t e r  i s  m a s s  sensitive. 
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3. 2. 1. 1 General  Description and Applicability 

Shadow measurement  sys tems may take on a var ie ty  of appearances 

dependent upon the geometr ica l  extent of the sources  and detectors .  A 

representat ive sys t em cons is t s  of pa i r s  of line sou rces  and detectors  

positioned paral le l  t o  the tank axis a s  shown in  F igure  23a. The sampling 

techniques considered for  the monoenergetic gamma t r ansmiss ion  sys tem 

a r e  readily applicable to  the shadow system; the coll imated monoenergetic 

gamma radiation beams can  be replaced by pa i r s  of line sou rces  and 

line de tec tors ,  the source  and detector  of a par t icu lar  pa i r  being spaced 

only a few cent imeters  apar t .  

A one-to-one correspondence between the detector  outputs and the 

m a s s  interposed between the line sources  and the line detectors  can  be 

established. Individual line sou rces  must  be coll imated s o  that the 

d i r ec t  radiation beams a r e  incident upon and stopped by detectors ,  thus 

minimizing c ross t a lk  between source-detector  pairs .  The back of the 

de tec tors  can  be covered  with m a t e r i a l  of high atomic number in  o rde r  to  

prevent  radiation f r o m  passing through them and interfer ing with other  

detectors .  

If such  a coll imated source-detector  pa i r  is i m m e r s e d  partially i n  

propellant liquid and propellant vapor a s  shown in  F igu re  23a. 

signal is 

The detector 

S = const (1 t a l l  ), ( 3  -27) 
V 

where  I i s  the length exposed to  vapor, P l  the length exposed to liquid, 
V 
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and a 

source-detector  distance. 

dependent on the m a s s  in the tank. 

the rat io  of signal attenuation i n  liquid to  that in  vapor for  the 
I 

The signal can be conditioned to yield a n  output 

Since the total length i s  

the signal can be interpreted 

I Therefore ,  

I 1 f I p  
V 

, ( 3  -28) 

( 3  -29) 

( 3 - 3 0 )  

and the m a s s  surrounding the source-detector  pair  can  be approximated by 

( 3 - 3 1 )  

analogously to Equation ( 3 - 3 )  f o r  gamma transmission.  Low energy radi-  

ation is p r e f e r r e d  to  high energy radiation s o  that So, the constant com- 

ponent of the signal, is smal l  in  comparison with the variable component 

of the signal. 

correspondence between a function of the detector outputs and the m a s s  

i n  the tank. 

Thus the shadow technique i s  capable of providing a unique 

P r e c i s e l y  the same  weighting and sampling considerations hold for  

the shadow technique a s  f o r  the gamma t ransmiss ion  technique. Statist ical  
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<,onsiderations indicate that, due to  the proximity between sources  and 

detectors ,  a relatively weak low energy source  is required for  the shadow 

tt,c.hniques a s  compared to a s t rong high energy source  for  the gamma 

t ransmiss ion  technique. 

F o r  a n  X-ray  sys tem,  a coll imated X-ray beam would have to be d i rec ted  

X-rays  may be employed as  the gamma source.  

through a n  empty tube and sca t te red  into the tank f r o m  various s i t e s  along 

the tube. 

3.  2. 1. 2 Recommendations 

The shadow techniques a r e  capable of providing a one-to-one c o r r e s -  

pondence between propellant m a s s  and a function of the outputs of the 

detectors .  

gen o r  liquid oxygen tanks since the distances between the line sou rces  

and de tec tors  a r e  no m o r e  than a few charac te r i s t ic  lengths. 

disadvantage of the shadow techniques is  that  they requi re  internal  tank 

s t ruc tu res .  

to  both l iquid hydrogen and liquid oxygen tanks of any s ize ,  and that 

requi red  radiat ion levels  a r e  low. 

Shadow techniques pe r fo rm adequately in  e i ther  liquid hydro- 

The p r i m a r y  

The p r i m a r y  advantages a re  that the techniques a re  applicable 

Thus,  shadow s y s t e m s  a r e  recommended for  both liquid hydrogen 

and l iquid oxygen applications in  which internal  s t ruc tu res  a r e  allowed. 

Details of a backsca t te r  shadow technique a r e  presented in  Section 4. 

3 .  2. 2 Logic Methods 

Logic measu remen t  sys t ems  a re  defined as those sys t ems  in  which 
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numerous source  -detector pa i r s  a r e  positioned according to cer ta in  pat- 

t e rns  throughout the tank in  o r d e r  to  interrogate  isolated volume inc re -  

ments  concerning the existence of propellant liquid within them. (In the 

t rues t  sense  of the word "logic", all sys tems employ logic methods. ) 

3 .  2. 2. 1 General  Description and Applicability 

In general ,  a l a rge  number of spot detectors  distributed throughout 

the tank volume provides a sufficient number of sampled volume incre-  

ments  with which a n  est imat ion of total m a s s  can be made. Typically, 

the spot detectors  make a logical decision, the decision whether o r  not 

m a s s  i s  located between the source  and detector,  although operation in  

a n  analog mode i s  feasible (even in  analog operation, mos t  of the sou rce -  

detector pa i r s  would be immersed  in  liquid o r  vapor entirely). The no- 

fuel count r a t e  i s  not determined statist ically for  this on-off gauge. 

only necessa ry  that the count r a t e  clearly exceeds background. 

It i s  

The per  cent of the detectors  which a r e  in the fuel on the average 

equals the per  cent of the tank which is filled with fuel. The electronic  

analyses need determine only the total number of detectors  which a r e  in  

the fuel, but not which ones. A se r i e s  o r  para l le l  c i rcui t  in  which the 

total impedance o r  some  other  single parameter  is sensed  should suffice. 

The readout is d i sc re t e  with a number of values equal t o  the number of 

logic e lements  i m m e r s e d  in the propellant. 

The s tandard  deviation of the gauge var ies  with the amount of fuel in 

the tank. At full o r  empty tank, the gauge necessar i ly  reads  correct ly .  
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Under the assumption of a random distribution of fuel, the a pr ior i  

probability that a par t icu lar  spot unit i s  i m m e r s e d  in  liquid i s  p, the 

fractional volume of liquid when the tank  is partially filled. 

bility that  any number m of spot units is i m m e r s e d  in  liquid is binomial: 

The proba-  

~ 

m 
P ( l - P ) K - m  , K! 

m! (K - m)! 
P(m) = (3 -32)  

where K is the total  number of spot units within the tank. The expected 

o r  average value of m i s  

and the s tandard  deviation i s  

(3 -34)  

which is a maximum for  p = 0. 5. Fo r  100 spot units in  a half-filled 

tank of randomly oriented propellant, the average value of m is 50 with 

a s tandard  deviation of 5 .  The number of units required to constrain 

3 
u 5 1% fo r  the half-filled case  is 2. 5 x 10 . In actuality, the loca-  

t ion of the fuel i s  not random s o  that the possibil i ty of reducing the number 

of spot units by proper  patterning exists,  but i t  is doubtful whether the 

r equ i r ed  number of units can  be reduced by an o rde r  of magnitude. 

Thus it is possible to  es tabl ish a one-to-one correspondence between 

propellant m a s s  and the output of a logic sys tem,  but such a l a rge  number 

of s epa ra t ed  units is required that the logic sys t em appears  somewhat 

3-67 



impract ical .  

which internal  s t ruc tu res  a r e  permitted. 

It i s  applicable to any size of hydrogen o r  oxygen tank in 

3. 2. 2, 2 Recommendations 

A unique relationship between propellant m a s s  and a function of the 

outputs of the detectors  can be established fo r  a logic system. Imple- 

mentation of such a sys t em i s  closely related to the implementation of 

the shadow sys t em mentioned previously; that  i s ,  r a t h e r  than being dis-  

tr ibuted a t  random throughout the tank, the spot units would be located 

along sampling l ines  s o  that a recommended logic sys t em would closely 

resemble  the shadow sys tem descr ibed previously and in Section 4. 

3 .  2. 3 T r a c e r  Methods 
~~ ~~ 

T r a c e r  methods compr ise  those methods in which a radioactive 

element  is d ispersed  throughout e i ther  the liquid o r  vapor phase of the 

propellant and detected at various geometric locations. Detection of 

the radiat ion emanating f rom the vapor phase can be accomplished a t  a 

single point, while detection of t r a c e r  in the liquid phase generally 

r equ i r e s  a n  a r r a y  of detectors.  

3. 2. 3. 1 General  Description and Applicability 

T r a c e r  injected into the vapor phase of a propellant r a r i f i e s  a s  the 

vapor phase  occupies a n  increased  fraction of the tank volume. Detection 

of this  ra r i f ica t ion  can be accomplished by measur ing  the radiation ema-  

nating from a constant shielded volume of vapor. Severa l  difficulties 
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a r e  inherent i n  such a measurement .  

F i r s t ,  it is  difficult to  maintain the t r a c e r  i n  the vapor phase. Effec- 

tively, the t r a c e r  i n  the vapor r a r i f i e s  if t he re  i s  any propensity f o r  i t  

to dissolve in  the liquid phase. 

i s  vented, t r a c e r  m u s t  be continually injected into the vapor phase, a 

p rocess  which r equ i r e s  constant recal ibrat ion of the measu remen t  tech-  

nique. Second, for  some  random configurations of propellant, the proper  

locations of both injection apparatus  and detection apparatus  a r e  difficult 

to  determine. Third,  the existence of foam and numerous vapor bubbles 

wii'niri tlie iaiik does nct i)errr-it the t r a c e r  to uniformly diffuse throughout 

the vapor phase. 

F o r  typical si tuations i n  which the tank 

Internal  s t ruc tu res  a r e  requi red  f o r  the detection of t r a c e r  injected 

into the liquid phase. Since the t r a c e r  does not ra r i fy  o r  concentrate a s  

liquid is expended, a measu remen t  of the total  radiation emanating f rom 

the  liquid i s  required.  Hence, detection of t r a c e r  in  the liquid must  be 

accomplished as descr ibed  fo r  the shadow and logic sys tems.  

The physical means  of tagging either hydrogen o r  oxygen poses  s ig-  

nificant problems. 

expensive and i t s  emit ted decay radiation, 18 keV beta par t ic les ,  is diffi- 

cult to  detect. 

l ives.  

T r i t i um might be employed fo r  hydrogen, but i t  i s  

All  of the radioactive isotopes of oxygen have shor t  half- 

Contaminants might be employed a s  t r a c e r s  and neutron activation 

methods might be used, but in  general ,  such  methods appear  too complex 

i n  view of the other  available methods. 
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3 .  2. 3 .  2 Recommendations 

T r a c e r  techniques a r e  not recommended due to  the complexity of 

t r a c e r  injection and detection fo r  hydrogen and oxygen. Typically, the 

detection apparatus  required i s  s imi l a r  to  tha t  a l ready  descr ibed  fo r  

shadow and logic techniques so  that no advantage over  these  o ther  volume 

sensi t ive techniques can  be derived. T r a c e r  techniques have a natural  

application to sys t ems  in  which bladders a r e  employed for  propellant 

management,  but otherwise they are  l e s s  sat isfactory than other  volume 

sensi t ive techniques. 
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4.0  RECOMMENDED NUCLEONIC MASS MEASUREMENT SYSTEMS 
~~ 

Two nucleonic sys t ems  a r e  recommended fo r  the measurement  of 

m a s s  in  low Bond number regimes.  

is made in Section 3 ;  detailed description of the recommended sys tems 

i s  given in this section. A sys t em which makes  use of the monoenergetic 

gamma t r ansmiss ion  technique a s  evaluated in  Section 3 .  1. 1 is  capable of 

providing 270 sys t em accuracy  fo r  hydrogen tanks up to  about 30 feet in 

length without in te rna l  s t ruc tu res  and up to about 60 feet  in length with a 

single plane of sou rces  located within the tank. A sys t em which makes 

use  of the  shadow technique as evaluated in  Section 3. 2 ,  1 i s  capable of 

providing 270 s y s t e m  accuracy  for  hydrogen o r  oxygen tanks of any s i z e ,  

though internal  s t r u c t u r e s  mus t  be employed. 

of bet ter  than 2% accuracy  i n  high Bond number regimes.  

Evaluation of accuracy  capabili t ies 

Both sys t ems  a r e  capable 

4. 1 Monoenergetic Gamma Transmiss ion  Sys tem 

Emphas is  is  devoted to  t ransmiss ion  sys t ems  in  which the radiation 

beam is d i rec ted  through the tank paral le l  t o  the axis of the tank. As indi- 

cated in  Table  6, Section 3 .  1. 1. 3 ,  the number of source-detector  pa i r s  

requi red  to achieve a given accuracy  level is  approximately doubled for  

t r a n s m i s s i o n  a c r o s s  the tank perpendicular to the tank axis; therefore ,  

such  s y s t e m s  a re  not emphasized. 

Some fea tures  of high Bond number applications a r e  considered in  detail. 

In  addition, basic  s y s t e m  fea tu res  such as the detection and data processing 

s y s t e m  and  the sou.rce, shield, and detector requi rements  f o r  various tank 

sizes are  considered. 4- 1 



4. 1. 1 High Bond Number Application 

In general ,  the monoenergetic gamma t ransmiss ion  sys t em i s  capable 

of 1% measurement  technique e r r o r  in  low Bond number situations f o r  

a r r a y s  of 12 o r  m o r e  sampling beams,  a s  desc-rihed in Section 3 .  1. 1 .  3. 

Under high Bond number conditions, the measurement  technique accuracy 

i s  improved in  general. 

paral le l  to the tank axis  and radiation beams, g ross  measurement  tech-  

nique e r r o r s  can occur. 

vapor interface i s  paral le l  to  the tank axis i s  indicated in F igure  24. As  

the top view of the a r r a y  of fifteen beams indicates,  a s  many a s  three  or  

four  radiation beams can experience a change f rommaximum to minimum 

attenuation with an  incremental  change in volume. E r r o r s  on the o rde r  of 

2570 of tank capacity a r e  possible. 

However, when the flattened surface i s  situated 

A high Bond number situation in which the liquid- 

The g r o s s  measurement  technique e r r o r s  occur only when the liquid- 

vapor sur face  is paral le l  t o  the radiation beams. 

i n t e r sec t s  a number of beams,  the parallel  a r r a y  of beams produces an 

adequate estimation. I t  may be the case that the orientation of the liquid 

sur face  para l le l  to the tank axis  is such a r a re ly  occurr ing situation that 

i t  need not be considered. However, provision can be made for  such an 

adve r se  or ientat ion by locating two source-detector  pa i r s  symmetr ical ly  

about the center  of the tank, as indicated i n  Figure 24. The two pa i rs  

a r e  capable of providing a measurement  technique accuracy  of 1% a s  long 

as the liquid su r face  is near ly  planar;  the paral le l  radiation beams providc 

If the surface partially 
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1% accuracy  when the sur face  deviates f rom i ts  paral le l  attitude. Thus,  

compensation can  be provided fo r  even the wors t  high Bond number situ- 

ations. Again, propellant configurations can be found in which  the meds -  

urement  s y s t e m  per forms badly, but such configurations eitht,r occur  

ex t remely  r a r e l y  o r  they fail t o  represent  s ta t ic  situations. 

Data processing fo r  the adve r se  high Bond number situation must  be 

accomplished logically. Data f rom the para l le l  beam a r r a y  can be ana-  

lyzed in  conjunction with acce lerometer  data to de te rmine  whether any of 

the beams  experiences maximum attenuation while a n  adjacent beam ex-  

per iences  minimum attenuation- -an indication that the liquid-vapor in te r  - 

face is para l le l  t o  the tank axis. 

t ion is deemed to  exist ,  the mass measurement  is determined by the two 

auxi l iary c r o s s  tank beams. 

mus t  be effected by analog computations on the bas i s  of logical decisions 

concerning whether  o r  not the auxiliary beams a r e  d i rec ted  through liquid, 

vapor,  o r  a liquid-vapor combination. 

i s  to  es tab l i sh  the location of the liquid-vapor plane; analog computations 

de t e rmine  the mass in  the tank f r o m  the location of the plane. 

If the adverse  high Bond number or ien ta-  

Mass measurement  by the c r o s s  tank beams 

The resu l t  of the logical decisions 

The re fo re ,  the auxiliary radiation beams d i rec ted  a c r o s s  the tank 

p e r m i t  the est imat ion of propellant m a s s  to within seve ra l  per  cent even 

under  r a r e l y  occurr ing  adverse  high Bond number conditions. 

a n  a v e r a g e  measu remen t  technique e r r o r  (absolute value) of bet ter  than 

1% c a n  be  achieved f o r  high Bond number environments.  

As a resul t ,  
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4. 1. 2 Detection and Data Process ing  Sys tem 

Photon detection is  best  achieved digitally so that energy discrirnina- 

tion of the individual pulses  can  be accomplished. Three  types of detectors  

a r e  applicable to the digital counting operation: proportional counters,  

scintillation-photomultiplier combinations, and solid- s ta te  devices. Of 

these  detectors ,  the scintillation-photomultiplier combination offers the 

bes t  efficiency i n  the detection of high energy gamma radiation. 

Gamma sensi t ive scint i l la tors  exist  in s e v e r a l  forms:  c rys ta l s ,  

plast ic  solids,  gases ,  and liquids. Two basic  c l a s ses  exist: detector s 

employing organic phosphors and those using inorganic phosphors. F o r  

both c l a s ses ,  the scint i l la tor  emi ts  light pulses when a charged particle 

pas ses  through. The light is subsequently collected a t  a photomultiplier 

cathode and ejected e lec t rons  a r e  acce lera ted  and multiplied in  the dynode 

s t r u c t u r e  of the tube. 

Limitations on response  t ime and resolution a r e  generally dependknt 

on the phosphor type. 

5070 efficient; however, due to the delicate nature  of the c rys ta l s ,  they 

a re  suscept ible  to  cracking under thermally-induced s t r e s s e s .  Organic 

sc in t i l l a tors  of the plastic type offer ex t reme ruggedness,  but. a r e  l e s s  

efficient than inorganic c rys t a l  scinti l lators.  Typically, the plastic scin-  

t i l l a tors  a r e  about 5 - 10% efficient. 

f o r  l ight output to fall  to  e 

a scinti l lat ion event) is of the o r d e r  of tens  of nanoseconds for  plastic sc in-  

Inorganic scinti l lators a r e  on the o r d e r  of 2070 - 

Scinti l lator decay t ime ( t ime required 

-1 
of i t s  initial value a f te r  the occurrence  of 

t i l l a to r s  and 0. 1 - 0. 5 p s e c  f o r  crystal  scint i l la tors  at cryogenic tempera tures .  

4- 5 



In general ,  photomultipliers require  about 100 volts per  dyn:,de s o  

that the requi red  voltage for  typical eleven-stage mult ipl iers  may be well  

over  1000 volts; e lectron t r ans i t  t ime  is on the o r d e r  of 50 nanoseconds. 

Since the gain of the photomultiplier is roughly proportional to  the eighth 

power of the voltage fo r  a n  eleven-stage tube, a highly stabil ized power 

supply is imperative.  Photomultipliers a r e  sensi t ive to magnetic fields 

and m u s t  be shielded by mu-meta l  for  optimum performance to be realized. 

The mult ipl ier  phototubes a r e  capable of operating a t  reduced t empera tu res ,  

and, in  fact ,  t he i r  noise is dec reased  in cold environments.  Power supply 

stabil i ty and physical bulk compr ise  the ma jo r  drawbacks of the scint i l la tor-  

photomultiplie r combination. 

F o r  some  applications, cryogenically -cooled solid- s ta te  detectors  

may  be supe r io r  to  the scinti l lator-photomultiplier combination. 

des i rab le  fea tures  of sol id-s ta te  detectors  include good energy resolution, 

ex t r eme  compactness ,  and very  high count r a t e  capabili t ies,  The undesir-  

able  f ea tu res  include a potential for  radiation damage, noise sensit ivity 

to  the t h e r m a l  environment,  and low efficiency in  the detection of gamma 

radiation. 

The 

The finite response  t ime  of scinti l lator-photomultiplier combinations 

is  responsible  f o r  counting e r r o r  a t  high count ra tes .  

do not impinge on the detector  at regular in te rva ls  but r a the r  a s  descr ibed  

by a Po i s son  probability distribution, an appreciable  number of counts is 

l o s t  i f  the  resolving t ime T is comparable  with the average  per iod between 

Since a r r iv ing  photons 

4-6 



counts. 

which the counter s y s t e m  is insensit ive is 

b e r  of counts lost  pe r  unit time is i & ~ ~  where  

which would be observed i f  the resolving t ime  w e r e  negligibly small .  

Therefore ,  

If r k  is the observed counting ra te ,  then the fraction o f  the, t ime 

A T .  Consequently, the num- 

is the counting r a t e  

. .  
n - m  = n m T Y  (4-1) 

m 
n =  

1 - m ~  

Equation (4-2) may be rewri t ten 

(4-2) 

m 
n 

where  y = - . , the f ract ion of detected photons that a r e  counted. F o r  

one p e r  cent  accuracy  in  counting, electronic cor rec t ion  for  the lost  count 

c a n  be made  fo r  si tuations in  which the count loss is a s  high as 20% of the 

total  count. Hence, the detector  mus t  have a resolving t ime T sufficiently 

sho r t  that  Equation (4-4) is satisfied: 

w h e r e  T is  the requi red  response time. 

The  lower limit is  established by the requirement  of Equation (3-12) 

and the upper  limit is  es tabl ished by Equation (4-3) fo r  y = 0. 80. The 

resolving t ime  f o r  the plastic scinti l lator-photomultipliers is about 50 - 100 

n s e c  so that  x i  - 3 x 10 counts s e c  /de tec tor ;  resolving t ime for  
- 6 - 1  

max 
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I the c rys t a l  scinti l lator-photomultiplier i s  about 0. 2 - 1. 0 p s e c  s o  that  
I - 5 -1 

n - 4 x 10 counts s e c  / detector. These  maximum ra t e s  a r e  not 

exceeded in  the sys t ems  descr ibed  in Section 4. 1. 3 .  

max 

F igure  25 shows a simplified diagram of a data processing sys t em 

which might be developed. 

E. In Ni , which is a m e a s u r e  of the total fuel mass .  

(as opposed to  a n  analog sys t em)  i s  suggested because "high" accuracy is  

required.  The exact number of sources  and detectors  to be used must  be 

determined f r o m  accuracy ,  cost ,  and sys tem complexity considerations.  

The d iagram shows data processing for twelve sou rces  located in a plane 

within the tank and twenty-four detectors  located a t  the tank extremit ies .  

The output of the sys t em i s  the function 

A digital sys t em 
1 

The output pulses f rom each  detector a r e  amplified and threshold 

detected by the window discr iminators .  If the pulse amplitude is  too low 

(noise)  o r  if i t  is too high (high energy), i t  does not pass  through the win- 

dow discr imina tors  and is not counted. If the pulse amplitude l ies  within 

the "window", i t  pas ses  through to  the binary counters.  

thus m e a s u r e  N . ,  the signal count ra te  (counts/  seconds) f rom each de tec tor ,  

The counters 

1 

The pulse ampl i f ie rs  can be integrated circui t  video amplif iers  o r  

wide band operational ampl i f ie rs  such a s  the Fa i rch i ld  UA 709. 

child U A  711 Dual Compara tor  is a n  integrated c i rcu i t  window discr iminator  

which could be used. Most other  c i rcui ts  i n  F igure  25 would use digital 

in tegra ted  circui ts .  Several  vers ions of decade counters ,  o r  four flip- 

flops in  one package, a r e  available as a single integrated circuit .  

The F a i r -  

If the 
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relatively slow speed of s e r i a l  ar i thmetic  operat ions (as opposed to pa ra l -  

lel operations) can  be used, the multibit MOS shift r eg i s t e r s  by Genera l  

Instrument  would be useful. The MEM 3021, for  example,  has 21 bits in  

a single integrated circui t .  

A sepa ra t e  counter i s  used fo r  each  detector instead of the sequential  

switching of a single common counter f rom one detector to  the next. This  

i s  done so that no counts a r e  "thrown away"; that is, the effective counting 

t ime  fo r  each  detector  channel is maximum. 

counts, s ta t i s t ica l  fluctuations in  the readout a r e  minimized. The d iagram 

thus a s s u m e s  that the combination of des i red  sys tem response t ime (effec- 

t ive counting t ime) ,  maximum pract ical  count ra tes ,  and des i red  sys tem 

accuracy  r equ i r e s  that no counts be "thrown away" in  o r d e r  t o  reduce the 

s ta t i s t ica l  fluctuations to  an  acceptable value. 

By counting "all" the signal 

The counter  outputs a r e  switched one a t  a t ime  through the gates  and 

commuta tor  to the log computer. 

whether t o  sum the 24 no rma l  mode detector channels o r  the two auxiliary 

mode detector  channels. 

The acce lerometer  information te l ls  

The log computer  

output of each  counter 

computer  is N f r o m  

The adder  is  1nN 

1 

1 '  

computes the natural  logari thm (base  

one a t  a time. 

counter number 1, the output of the log computer 

calculates  a running total  sum of the logs, C. In N.  . 

e )  of the 

Thus, when the input to  the log 

1 1 

This  to ta l  i s  a m e a s u r e  of the total  fuel mass i n  the tank and is the output 

of the sys tem.  An al ternat ive technique in  computing the output C. In N.  
1 1 
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is to form the product of a l l  the  N . ,  r N i ,  

product s ince the log of a product is  equal to the sum of the logs.  

In TI N 

the s y s t e m  and the device ( o r  person) using the fuel m a s s  indication. 

t r ans l a t e s  the sys t em language (binary numbers)  into the language o r  type 

of readout desired.  Appropriate scaling and count l o s s  correct ions f o r  

each  detector  count r a t e  mus t  be performed i n  the counters  preceding 

the log computer.  

and then take the log of the 
l i  

= C In Ni . 
i 

The readout box in F igure  2 5  i s  the interface between 
i i  

It 

The use  of a single common log computer a s s u m e s  i ts  computation 

Such a t ime  is fas t  enough to be t ime-sha red  by all detector  channels. 

log computer  is the Radiometr ics  s e r i e s  TFC-80 non-linear digital function 

generator .  

onds while a 12-bit vers ion  (4,096 increments )  opera tes  in  6 microseconds.  

An al ternat ive,  but probably m o r e  expensive, method would be to use a 

s epa ra t e  log computer  i n  each  detector channel. 

digital  log computers  which might be used in  this ca se  a r e  descr ibed in: 

1. NASA Technical Note NASA TN D-3042,"Design of Real Time 

A 10-bit vers ion  (1 ,  024 increments)  opera tes  in 5 mic rosec -  

Se r i a l  type (continuous) 

Computers  Utilizing Counting Techniques", by George J. Moshos, 

Lewis Resea rch  Center ,  Cleveland, Ohio, 

Genera l  Instrument  Corporation Microelectronic Application Note, 

"MOS Integrated Digital Differential Analyzer", by J. D. Callan. 

This  note desc r ibes  use  of the integrated c i rcu i t  MEM 5021 

Digital Differential Analyzer. 

2. 
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The timing c i rcu i t s  box in  F igure  2 5  provides a l l  the timing fo r  the 

system. It compr i se s  a multi-phase clock with var ious r e s e t  pulses fo r  the 

counters ,  gating pulses,  shift pulses,  etc. 

The power supplies box provides "high" voltage dc for  the de tec tors  

and low voltage dc fo r  the electronics .  If the readout employs a digital 

visual readout, such a s  Nixie tubes,  the power supplies must  a l so  provide 

a "medium" voltage fo r  the tubes. 

Note that  if a n  X-ray  sys t em is used instead of the radioisotope sys tem,  

a high voltage of between 100 kV dc and 150 kV dc would be required.  

Development and use  of such a high voltage supply imposes weight l imi ta -  

t ions ( the power supply must  be oil-filled o r  gas-fi l led) and design problems 

to prevent high voltage breakdown, especially a t  the c r i t i ca  altitude. 

4. 1. 3 Sys tem Parameters 

Calculations a r e  made  concerning a number of sys t em pa rame te r s  

f o r  the g a m m a  radiation t r ansmiss ion  technique in  liquid hydrogen. Five 

p a r a m e t e r s - - s o u r c e  size,  shielding weight, detector s ize ,  dynamic count 

range, and the maximum radiation flux at the de tec tor - -a re  computed 

f o r  va r ious  photon energies  a t  different ranges  fo r  the a r r a y s  of seven, 

ten, twelve,  and f i f teen radiation beams. The photon energies  considered 

a r e :  70 k e V ,  100 keV,  662 keV, and 1.2 MeV; the high energy sources  

c o r r e s p o n d  to monoenergetic gamma emission (Cs137 at 662 keV, CO 

at about 1. 2 MeV) while the low energy sources  cor respond to X-ray and 

nuc lear  b remss t r ah lung  sources .  

60 
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The s t ruc tu res  assoc ia ted  with the sou rces  consist  of the source  m a t e r -  

ial ,  encapsulation, shield, and coll imator for  nuclear  sources ,  and the 

source  tube, power supplies, shield, and col l imator  for  machine sources .  

F o r  nuclear  sources ,  the  source  mater ia l  compr ises  a radioisotope highly 

concentrated fo r  shielding and collimation economies. The source may be 

made quite small ;  f o r  example, a two-curie source  of cesium-137 (specific 

activity of 25  cu r i e s /gm,  density of 3 gm/cm ) can be concentrated into 

l e s s  than 0. 03 c m  , about the volume of a matchhead. In o rde r  that d i s -  

pers ion i n  accident si tuations is controlled, the source  mater ia l  is encap- 

sulated i n  a n  integral  unit with walls of a s t ructural ly  strong mater ia l  such 

a s  s ta in less  steel. A bremsstrahlung ta rge t  for  nuclear emi t t e r s  may 

a l so  be incorporated within the encapsulation s t ruc ture ,  o r  high atomic 

number bremss t rah lung  ta rge t  mater ia l  can  be blended homogeneously 

with the sou rce  mater ia l .  The source capsule i s  clad with shielding; 

physically, the capsule is usually mechanically fixed within the shield. 

General ly  spher ica l  in  shape to maximize shielding thickness and minimize 

shielding weight, the radiation shield a s s u r e s  fur ther  source integrity in 

accident situations. According to  NASA specifications,  shielding must  be 

provided so that the flux level  at the tank surface i s  5 m r / h r  o r  less .  

shielding weights a r e  computed to  meet  a m o r e  stringent requirement  of 

5 m r / h r  one m e t e r  f r o m  the source  s o  that  source handling hazards  a r e  

minimized. Source col l imators  consist of additional shielding affixed in 

o r d e r  t o  r e s t r i c t  the geometr ical  radiation pattern. 

3 

3 

The 

Collimation of ten 
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per  cent (ratio of half-width of radiation pattern to distance f rom the 

source)  i s  readily achieved. 

sented in F igure  26. 

A representative source  s t ruc tu re  i s  p: e -  

Compact X-ray tubes a r e  cur ren t ly  available, mos t  notably those com- 

merc ia l ly  available f rom Machlett, but these tubes a r e  generally of r e l a -  

tively low voltage ( l e s s  than 150 kV) and hence, emi t  soft gamma-rays  

with l i t t le  penetrating power (F igu re  5 indicates that few photons a r e  emitted 

with energ ies  approaching the maximum electron energy; the mean radi-  

ation emiss ion  is at an energy of approximately one-third the maximum 

energy).  X-ray tubes posses s  the advantage of requiring no moving par t s  

f o r  on-off control;  power supply stability requirements  represent  a disad- 

vantage. The photon flux level  f rom a n  X-ray source  is o r d e r s  of magni- 

tude g r e a t e r  than that  available f rom nuclear sources ,  a feature  of dubious 

value in  th i s  application since X-ray systems ( a s  nucleonic sys tems)  a r e  

subject to  maximum radiation level requirements  outside the tank, and 

hence, a t  the detector, s o  that upper l imits  on source  s t rength a r e  es tab-  

lished. 

o r d e r  of 75 pounds f o r  a 200-kilovolt supply), but relatively lightweight 

suppl ies  have been reported.  Undoubtedly, the ult imate X-ray power 

supply development will  incorporate  the power supply around the tube a s  

a n  in t eg ra l  par t ,  thus eliminating the necessity for  high voltage cables 

i n  proximity with the propellant and reducing the weight significantly; 

a l ternat ively,  a single power supply can be used for  a number of sources.  

Commerc ia l ly  available X-ray power supplies a r e  heavy (on the 
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Studies must  be made to de te rmine  which approach is best. 

and shielding a r e  achieved fo r  X-ray sources  a s  they a r e  fo r  nuclear sources .  

Collimation 

The c rys t a l  de tec tors  d i scussed  in  Section 4. 1. 2 a r e  employed for  

all ca ses ,  although the low energy radiation may be detected adequately 

by cooled sol id-s ta te  devices. Count loss  f o r  c r y s t a l  detectors  becomes 

excessive fo r  count r a t e s  around 4 x 10 cps /de tec tor .  As shown i n  

F igure  2 7 ,  the efficiency of the 3" x 3" c rys t a l  detectors  i s  about 25% 

for  the high energy radiation ( the efficiency of TI -doped NaI c rys ta l s  a t  

room t empera tu re  is  similar to that of pure NaI c r y s t d s  a t  cryogenic t e m -  

pera tures ) .  The dynamic count range encountered in  a par t icular  si tuation 

expres ses  the change in  count level  as the tank changes frcm the full condi- 

t ion to  the empty conditions. 

detector  is a t  i t s  maximum, a value r e s t r i c t ed  to  5 m r / h r .  

Tables  8 - 11 indicate the sys tem pa rame te r s  a s  a function of range 

The s tandard  

5 

6 

When the tank is  empty, the flux level  a t  the 

through the liquid hydrogen f o r  the various source  s izes .  

deviation of the s ta t i s t ica l  noise is l e s s  than 1% and the radiation flux 

at the detector  is l e s s  than 5 m r / h r  except where  otherwise noted. 

tables  a r e  given f o r  various ranges ra ther  than fo r  various tank s izes  

s ince the ranges f o r  t r ansmiss ion  through a hemispherically-capped tank 

a re  dependent on the distance of the sampling beam f r o m  the tank axis. 

The 

The tab les  indicate that the following fac tors  l imit  the range of t r a n s -  

mi s s ion through hydrogen : 

(1) F lux  at the detector  exceeds 5 m r / h r  fo r  empty sampling cylinder,  

4-16 
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( 2 )  Dynamic range becomes excessive,  

(3)  Background becomes excessive so  that s ta t is t ical  accuracy 

(u ) i s  worse  than 1% for  full sampling cylinder. N 

These  t h r e e  factors  all become important fo r  about the same  range. 

maximum flux a t  the detector  could be reduced by a feedback control 

sys tem fo r  the X-ray sys tem,  but the pract ical  range i s  l imited to about 

ten  charac te r i s t ic  lengths o r  about 500 cm for  the low photon energy 

system. 

for  Cs  

The 

The range for  high energy photons i s  l imited to about 700 cm 

60  662 keV emiss ion  and about 900 cm for  G o  1. 2 5  MeV emission. 

The attaching of sources  and detectors  external  to the tank should pose 

1 3 7  

no problem. 

to the spokes of a spiderweb s t ruc tu re  and supported with guy wires .  

F o r  positioning within the tank, the sources  should be attached 

4. 2 

a r e  

gen 

Shadow Svstems 

Some details  a r e  presented concerning seve ra l  shadow sys tems which 

capable of providing the m a s s  measurement  for both oxygen and hydro- 

tanks of any size.  Emphasis  i s  devoted t o  a backscat ter  sys t em for 

the measu remen t  of oxygen. 

4. 2. 1 Backsca t te r  Shadow System 

The backscat ter  of low energy gamma radiation provides the basis  

f o r  a var ia t ion of the shadow measurement  technique in  which both sources  

and de tec tors  a r e  located along the same line. Since the sys tem i s  com- 

p r i sed  of numerous point sources  located along a n  extended detector  (o r  

numerous  point detectors  located along a n  extended source) ,  the sys tem 

is cha rac t e r i zed  by some of the features  of the logic sys tems discussed 

in  Section 3. 2. 2. 
4 -22  



Emphasis  i s  devoted to a n  oxygen sys tem i n  which numerous coll i-  

mated low energy gamma sources  a r e  located along a line detector and 

S O  shielded so that no radiation emitted f r o m  the source  can s t r ike  the 

detector without being sca t te red  f r o m  the adjacent medium; the sou rce  - 

detector l ines a r e  positioned paral le l  to the tank axis  i n  an a r r a y  s imi l a r  

to  one of the a r r a y s  mentioned in  conjunction with the gamma t r ansmiss ion  

sys t em for  hydrogen. 

ion chamber  reaching f rom the bottom to the top of the tank with a number 

of point sources  of beta o r  gamma radiation attached to  the ion chamber.  

The ion chamber  must  be shielded f rom the d i rec t  beam of radiation s o  

that oniy the sca t te red  par t ic ies  or photons a re  cieiecieri. 

Each l ine backscatter detector  consis ts  of a long 

The mean path lengths (o r  continuous -slow-down-approximation range) 

0 
of 700 keV electrons in  liquid oxygen and oxygen vapor (a t  90 

0. 981 a tmospheres  p re s su re )  a r e  0.3 c m  and 80 cm. 

path is not s t ra ight ,  the mean  ranges (or  penetration depths) a r e  consider-  

ably sho r t e r  than these values. In view of the shor t  path lengths of the 

e lec t rons  i n  liquid oxygen, it is doubtful whether a beta backscatter sys tem 

K and 

Since the electron 

can  be implemented in  practice.  

Attention is directed toward the gamma o r  X-ray  backscat ter  techniques. 

The attenuation of gamma radiation in  oxygen is caused mainly by Compton 

scat ter ing.  

and sa tura ted  vapor f o r  oxygen at 90 

respectively.  

The charac te r i s t ic  lengths of 60 keV gamma-rays in  liquid 

0 K a r e  approximately 1. 8" and 470", 

Thus,  as many photons a r e  sca t te red  in  1. 8" of liquid 

4-23 



a s  i n  470" of vapor. The probability of detection of these sca t te red  photons 

is higher when the source-detector  is  immersed  in  liquid than when it  is 

exposed to vapor by a fac tor  approximately proportional to  the density ra t io  

( 2 6 0 ~ 1 ) .  If the backscat ter  sys tem is  partially i m m e r s e d  in liquid and 

partially exposed to  vapor, the detected signal is proportional to  the length 

of the portion of the sys t em which i s  immersed  in  the liquid, s imi la r  to 

the description of Equation (3-29). 

Cross ta lk  between adjacent backscatter detectors  mus t  be minimized 

by proper  collimation of the sources  s o  that in te r fe rence  between adjacent 

units i m m e r s e d  in vapor is minimized. Interference between adjacent units 

i m m e r s e d  in  liquid i s  smal l  because, even though the charac te r i s t ic  length 

for  absorption in liquid oxygen i s  23" (about 13 t imes  the charac te r i s t ic  

length f o r  scat ter ing) ,  the photon energies a r e  sufficiently degraded by 

multiple s ca t t e r s  that  they can  be absorbed by a thin window which covers  

the detector.  

For the collimated, widely separated source-detector  l ines,  the number 

of photons backscat tered f r o m  a point source i m m e r s e d  in a scattering medi-  

um can be computed fo r  simple geometries. F o r  example, for a c i rcu lar  

d i sk  detector  of a r e a  A, the number of backscat tered photons incident on 

the de tec tor  can be approximated by 

4-24 



I where 

10 
K - - 3. 7 x 10 photons/curie,  

C - - effective source  strength i n  cur ies ,  

r - - distance f rom the source t o  a n  elemental  volume dV,  

- - m a s s  attenuation coefficient, P 

P' - - Compton scat ter ing coefficient - p, - 
density of liquid o r  vapor oxygen, - - P 

n - - solid angle subtended by source  collimation, 

a - - minimum distance a t  which the fields of view of source 

and detector overlap. 

3 represents  the number of photons per  second 
K C e -  

The factor  
L 

4 r r  
2 

p e r  unit a r e a  reaching the elemental  volume d V  = r n d V  a t  distance r 

f r o m  the source.  The factor p p  d V  represents  the rat io  of sca t te red  to 

incident photons within the elemental  volume d V. The remaining factor 
- P  P r 
, A e  represents  the number of photons originating f rom the elemerita1 
L. 

4 ~ r  
volume d V  that reaches the detector. The distance r f rom the source to 

d V  is taken to be the same  a s  the distance f rom dV back to  the detector ;  

the Compton scat ter ing of photons is assumed to be spherical ly  symmetr ic  

(a good approximation f o r  low energy photons). 

Under the additional assumption that p 2 p' , Equation ( 4 - 5 )  can be 

t r ans fo rmed  into 

4 - 2 5  



- 2 p p  a Z  

1 r e  7 d Z  
Q A K C p p  N =  

Z L  J 1 6 1 ~ ~  a 

- A K c p  E 2 ( 2  p p a ) ,  
2 

- 
1 6 1 ~  a 

where  Z = r / a  and E ( 2 p  p a )  i s  a n  E function of the exponential inte- 
2 2 

g ra l s  E (x) commonly used in  shielding calculations. The integral  
n - - E2 - 1 for  vapor and E - 0. 5 for liquid. Thus the number of pho- 

2 

tons incident on a detector  f rom the backscat tered radiation is approximately 

proportional to the density of ma te r i a l  immediately surrounding the back- 

s catt  e r source  -det e cto r. P r e c i s  e experimental  inve s tigatioii is r z q u i r  ed 

to  accurately determine the backscat tered count for  a par t icular  sou rce -  

detector  geometry. 

Since the count ra te  i s  near ly  proportional to the length of the source-  

detector  line which is immersed  i n  liquid, the maximum stat is t ical  fluctua- 

t ion occurs  when the tank i s  full and the count r a t e  i s  a maximum. If the 

s ta t i s t ica l  fluctuations a r e  to be constrained to 1% with a t ime constant of 

0. 5 seconds,  a total  count ra te  of 2 x 10 
4 

counts per  second must be 

detected. 

successful ly  a t  the liquid oxygen tempera ture  may requi re  some significant 

efforts.  

The design and implementation of long detectors  that operate  

Lithium-drifted sil icon detectors operate  satisfactorily a t  this 

tempera ture ,  but the i r  cost  would be high since a la rge  number of small  

units mus t  be used in  paral le l  to extend a c r o s s  the tank. 

t o r s  a r e  not expensive, but the i r  efficiency i s  low. 

Gas-filled detec-  

Probably the only 
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gases  that can  be used fo r  this  application a r e  helium, neon, and nitrogen. 

P las t ic  scint i l la tors  may be considered, but the light collection efficiency 

may  become a problem. 

detector  efficiency is  feasible. 

detector requi red  to  achieve the 1% stat is t ical  counting accuracy  is then 

Even though detailed investigation is required,  1% 

The number of incident photons on the 

6 2 x 10 cps. 

The required source  s t rength can be calculated f r o m  Equation (4-6). 

Under the assumption that E = 0. 5 for  liquid, a = 0. 5 cm, !d = 1, 

A = 10 cm , the requi red  number of incident photons ( 2  x 10 cps)  can 

be obtained by 

2 
2 6 

- 3  2 6 
1 6 n  x 0 . 5 ~ 2 ~ 1 0  c =  = 2 x 10 cur ies  . 

10 x 3.7 x l o l o  x 0.189 x 1. 14 

147 
Thus,  sou rce  s t rength  can  be implemented by using a Pm 

strahlung source  of a few curies .  

negligible fo r  such a small, low energy source.  

b r e m s -  

The radiation shielding required i s  

4. 2.2 Gamma Transmiss ion  Shadow System 

The  conventional shadow sys tem employs a r r a y s  of line source  and 

l ine detector  pairs .  F o r  such a configuration, pa i r s  of line sources  and  

l ine de tec tors  a r e  mechanically assembled together a few inches 

apart. 

the window of the detector.  

The source  is coll imated such that the d i rec t  beam covers  only 

The detector wall, extending the window, 

4-27 



should be covered with a thin layer  of high Z number ma te r i a l  to  reduce 

c ros  stalk. 

If this source-de tec tor  pa i r  is immersed  partially into the liquid and 

partially into the v2por, the signal i s  proportional to the length exposed 

to  vapor, as dictated by Equation ( 3 - 2 9 ) .  

The maximum s ta t i s t ica l  fluctuation occurs  when the tank is  completely 

empty. To  keep this maximum fluctuation less than the change in  signal 

due to  1% change in the length i m m e r s e d  in  vapor, the minimum required 

count r a t e  within the response  t ime (0. 5 sec) becomes 

o r  
2 ~ 

4 
N = (e) = 2 . 2 5  x 10 

if a = 0. 33. 

Assuming again 1% detection efficiency, a totaI incident count r a t e  

photons p e r  second is  required.  
6 

of 4. 5 x 10 

d i ame te r  is  used, the fract ional  solid angle subtended by the detector i s  

approximately 0. 03. Thus, the required source  s t rength is 

If a line detector of one-inch 

This  is aga in  a reasonable  value of source s t rength  and radiation shielding 

problems a r e  tr ivial .  
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APPENDIX A 

Modification of Wigner-Seitz Zones for  an 
A r r a y  of Seven Sampling Locations 

A f i r s t -o rde r  approximation to the most efficient position of paral le l  

radiation beams for  the measurement  of m a s s  in  a cylindrical  o r  hemis-  

pherically-capped cylindrical  tank i s  given by hexagonal (Wigner -Seitz) 

zones in  which the various sampling beams a r e  the loci for  the zone 

centers .  However, such  zones fail to  conform sufficiently to c i r cu la r  

tank boundaries f o r  2% accuracy  and, in addition, produce g ross  e r r o r s  

for  ce r t a in  spher ica l  bubble locations. 

F igu res  A-1 and A-2 indicate how a g r o s s  measurement  e r r o r  present  

with a Wigner-Seitz a r r a y  of seven is reduced in  the modified configuration 

of seven in which the symmet ry  of the configuration i s  slightly reduced. F o r  

the Wigner-Setiz a r r a y ,  s ix  sampling locations a r e  taken a t  a radius o f .  72R 

fo r  the modified a r r a y ,  th ree  locations a r e  taken at  a radius o f .  61R and 

th ree  other  locations at a radius o f .  84R. 

As Figure  A-1 indicates,  the sphere l i e s  within but a single radiation 

beam fo r  the Wigner-Seitz location, while it l i es  within four beams for the 

modified configuration. F igure  A-2 indicates var ious pertinent lengths 

assoc ia ted  with the tank and bubble, 

as the hemispherically-capped tank is indicated by the dashed l ines;  for the 

sake  of simplicity,  the ensuing calculations a r e  made for  the cylindrical  

A cylindrical  tank with the same  volume 

tank. 
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The volume of the bubble is estimated f rom the attenuation o f  the 

various beams in conjunction with simple data processing. The following 

general  data processing equation is appropriate for col1imatc.d radiation 

beams : 

where  M i s  the total m a s s  in the tank, p the liquid density, p the 

gaseous density, A 

of the tank, N the number of source-detector  pa i r s ,  1 .  the liquid thick- 

L g 

the c r o s s  sectional a r e a  of the cylindrical  portion 
C 

1 

th in i’ne ;th ---2:-4.:-.- I,,?- 
L-cLuIcLLIv , I  uL.LLIII, a d  t the gaseous thickness i n  the i 

i 

radiation beam. The equation may be rewri t ten 

The quantity in parentheses  is exponentially re la ted to  the count ra te  

a t  the detector  for  a par t icular  radiation beam: 

where  p i s  the attenuation c r o s s  section and N i s  the evacuated tank 

count ra te .  Therefore ,  

0 i 

N 
(A-4) 
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Hence, the mass in  the tank can be computed f r o m  the s u m s  of the loga- 

r i thms of the count r a t e s  at the var ious detectors.  

F o r  the Wigner-Seitz a r r a y  of Figure A-1 and a centered  spherical  

vapor bubble of radius  r = .720R, the measu red  mass in  the cylin- 

dr ica l  tank is  

S 

P L Y   IT^' [ 6 x  j R +  1 x 
S 1 1  10 

M =  

under the assumption that the gaseous density is negligible (actually, 

0 - .02  p L  at 1 a tmosphere  and 20 K). Therefore ,  
p g  

3 
3 o n 2 \  lTR jz0.000 t L . 0 7 J I  

P L 7  M =  

3 
= 3.270 p L m R  . 

The  actual  mass is 

3 - ~ T R  ( 3 . 3 3 3  - . 4 9 7 )  
a c t  - P L  M 

3 
= 2.836 p L r R  . 

The  e r r o r  as a p e r  cent of capacity is 

M - M  
x 100 = 13.0% . act E =  

10 - 3  
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F o r  the modified a r r a y  of F igure  6, the measu red  m a s s  is 

* [ 3 x - R t 3 x  t 1 s  i 10 
p L  7 3 i 3  S 

10 
2 

M =  

where  

radiation beam. F o r  simplicity of calculation, the th ree  beams which 

pass  through the bubble n e a r  the edge ( r  = . 61R) a r e  taken to have the 

same radius ,  though the i r  radi i  differ slightly in  the optimal configura- 

tions. 

s is  indicated in  F igu re  A-2  as half the gaseous thickness in the 

The gaseous thickness is  calculated to be: 

1/ 2 2 2 112 
= 2R( .720  - .610 ) 

2 
2 s = 2 ( r s  - r ) 

2 s  = .768R . 

Hence, 2 

. rrR3'  (10. 000 t 3 x 2. 565 t 2.8933) 
P L  7 M =  

3 
= 2.943 p L  .rrR . 

As before,  the actual  mass is 

3 
M = 2.836 pLrrR . act 

Hence, the e r r o r  as a per  cent of capacity is 

M -  M 
ac t  

10 - 3  
E =  x 100 = 3.270 . 
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The e r r o r  in the la rges t  centered sphere through which only the central  

radiation beam passes  ( r  = . 61R) can  be calculated by 
S 

= 3.159 p L n R  3 , 

n r  S 3 )  

3 
= 3. 030 p T , n  R 

E 
M - M  

ac t  x 100 3. 9% 

Thus,  the modified a r r a y  of seven reduces cer ta in  g r o s s  measurement  

e r r o r s .  

F igu re  A-3 indicates the distribution of e r r o r s  for  440 spheres  randomly 

or iented within the volume of the hemispherically-capped tank ( R N S P V )  

for both the Wigner-Seitz locations and the modified Wigner-Seitz locations;  

the volume of the spheres  is uniformly distributed f rom 270 to 4070 of tank 

capacity, the spheres  of 40% tank capacity being the l a rges t  that can  fit into 

the tank. 
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APPENDIX B 

Some Computational Resul ts  f o r  Optimal Ar rays  

of Seven, Ten, and Fifteen Sampling Locations 

I The r e su l t s  of computer simulations of the propellant orientation 

I indicated in  F igu re  l a  are presented for the optimal a r r a y s  of seven, ten, 
l 

and fifteen sampling locations. 

i n  Section 3.1.1.4 fo r  a r r a y s  of beams  para l le l  to the tank axis ,  were  

employed fo r  tanks with a length-to-radius ra t io  of four. 

The four types of simulations discussed 

E r r o r s  typical of the optimal a r r a y  of seven a r e  given in F igu res  B-1, 

2, and 3. 

tangent internal ly  to a hemispherically-capped tank, but otherwise random. 

F i g u r e s  B-2 and B-3  give e r r o r s  f o r  a central ly  located bubble and for  a 

tangent bubble as a function bubble radius.  

bubbles randomly located within the volume of a hemispherically-capped 

tank is presented  in  F igure  A-3. 

F igu re  B-1 displays the error distribution for  595 spherical  bubbles 

The e r r o r  distribution for  440 

Errors  typical of the optimal a r r a y  of ten are given in  F igures  B - 4 ,  5, 6,  

and 7. 

located tangent bubbles and 440 randomly located bubbles within a hemispherical ly-  

capped cyl indrical  tank. 

located,  and f o r  a tangent bubble, as a function of bubble radius.  

F i g u r e s  B-4 and B-5 display the e r r o r  distributions f o r  595 randomly 

F igures  B-6 and B-7 present  e r r o r s  for  a central ly  

E r r o r s  typical of the optimal a r r a y  of fifteen paral le l  sampling beams 

B -1 



are given in  F igu res  B-8,9,10, and 11. 

e r r o r  distributions f o r  595 randomly oriented tangent bubbles m d  440 

randomly located bubbles within a hemispherically-capped cylindrical  tank. 

F igu res  B-10 and B-11 depict  e r r o r s  for  a central ly  located bubble and a tangent 

bubble as a function of bubble radius.  

F igures  B-8  and B-9  present  the 

I 
I 

I Figure  B-12 p resen t s  the e r r o r  distribution fo r  440 randomly 

located bubbles within a hemispherically-capped cylindrical  tank for  which 

fifteen sampling beams  a r e  directed ac ross  the tank. These beams a r e  

a r ranged  in  groups of three,  located in planes at Z coordinates of 1, 30, 

0.67, 0 .00,  -0 .67,  and -1.30, where the Z = 0 plane b isec ts  the tank and 

is perpendicular  to the tank axis. 
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APPENDIX C 

Effects of Crosstalk on Uniqueness 

F o r  sampling techniques in  which radiation f rom a single source 

impinges on a number of detectors ,  it i s  difficult to es tabl ish source-  

detector  positions such that a function of the detector  outputs i s  independent 

of the position of the propellant within the tank. The magnitude of c ross ta lk  

e r r o r s  encountered in  a half filled tank with a single flat liquid-vapor interface 

is indicated by a typical example. 

the simplified situation of F igure  C-1 in  which the liquid surface of a tank 

half f i l led with LH 

axis. 

r a t e  at a detector  due to a single source is  

The cross ta lk  problem i s  i l lustrated by 

is  perpendicular to o r  slanted with respec t  to the tank 

The count 

2 

(The numbers  used in  the example a r e  approximations. ) 

-x  JX 
N = N e  

0 

5 
Typically ( for  LH ), N = 10 cps,  X = 3 feet ;  the vapor has  negligible 

absorption. Fo r  the perpendicular orientation of the liquid surface,  the 

count rate at detector  A is due to photons a r r iv ing  f rom both of the 

sou rces  indicated in  F igure  1: 

2 0 
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5 -15/3 + 10 5 e -1613 
= N 1 t N  3 =lee 

5 = 10 (..0067 + -0048) cps  

3 = 1.15 x 10 cps. 

F r o m  symmetry ,  the count rate at detector B is the same:  

3 = 1,15 x 10 cps. 

F o r  the slanted orientation of the liquid surface,  the count r a t e  a t  

de tec tor  A i s  

) 
5 -11/3 -16/ 3 = N1 t N = 10 (c  e 3 

5 = 10 (-0256 t .0048) cps  

3 = 3.04 x 10 cps. 

The count r a t e  at detector  B is  

5 -1613 + e -191 3) = N 2  t N4 = 10 ( e  

5 = 10 (. 0048 t .0018) cps  

3 = 0.66 x 10 cps. 
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Clearly,  the sums  of the count r a t e s  are not the same f o r  the two surface 

orientations.  

sums  of the logari thms agree:  

Fu r the rmore ,  neither the logari thms of the s u m s  nor  the 

3 3 (p) = (1.15 t 1.15) x 10 cps  = 2. 30 x 10 cps  (P 1 
NA NB Sums : 

3 3 = (3.04 t 0.66) x 10 cps  = 3.70 x 10 cps  
NB 

Logar i thms of Sums: 

Sums of Logarithms: 

= 3.062 i- 3.062 = 6.12 

( S )  t logl#(Bs) = log103.,04x 10 3 t log 6 .6  x 10 2 l o g l o  NA 10 

= 3.484 t 2.820 = 6.30 . 

Indeed, it is doubtful that  any function of the count ra tes  can produce a 

unique answer  f o r  a l l  degrees  of slant of the liquid surface when a 

prac t ica l  number of Sources and detectors is employed. 
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In contrast ,  if c ross ta lk  i n  the  sys tem is eliminated (as in  a t r ans -  

miss ion  sys t em through collimation of both source  and detector s o  that 

c ross ta lk  beams 2 and 3 i n  the example do not exist) ,  the situation is 

sat isfactory since a function of the count rate ( sum of the logarithms) i s  

a unique function of the m a s s ,  independent of surface orientation. 

the perpendicular orientation of the liquid surface,  the count ra te  a t  

detector  A is 

F o r  

3 
= 0.67 x 10 CPS. 

F r o m  symmetry ,  the count ra te  a t  detector B is the same. 

3 
(') = 0. 67 x 10 cps . NB 

F o r  the s lanted orientation of the liquid surface,  the count ra te  a t  

detector  A is 

3 
= 2. 56 x 10 CPS . 

The count rate at detector B is 

3 
= 0. 18 x 10 CPS . 
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The sum of the logari thms i s  identical: 

= 2.83 t 2.83 

= 5.66 

= 3.41 t 2.25 

= 5 .66 .  

Therefore ,  c ross ta lk  introduces measurement  technique e r r o r s -  on the 

o r d e r  of 2 to  570 of tank capacity, e r r o r s  which a r e  eliminated in  t r a n s -  

mis s ion  sys tems through collimation and energy discrimination. 
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APPENDIX D 

Some Fea tu res  of Similitude Scaling 

c 
A numb r of types of scaling exist ,  but the type of most  importan 

with r ega rd  to the analysis  of l a r g e  sys tems through the behavior of 

sca le  models i s  called simili tude scaling. 

la rge  sys t em behavior a r e  p re se rved  through simili tude scaling, a l l  

I 

All pertinent fea tures  of 

features  except geometr ical  features ,  which are uniformly reduced by 

the scaling factor  R /R , where R is a charac te r i s t ic  
model sys t em 

e 

dimension of the model and the actual system, 

F o r  radiation absorption simulations, the pertinent fea tures  which 

mus t  be p re se rved  a r e  the count information a t  the tank surface,  this 

information comprising count ra te ,  photon energy, and photon direct ion 

information. The count r a t e  a t  a detector is 

where  S is the sou rce  s t rength i n  emissions/second,  q is the detector 

efficiency, A is the detector  a rea ,  R is the distance f rom the source  

to  the detector ,  

B(x1A) is the geometry-dependent build-up factor ,  and x is the thickness 

of a b s o r b e r  through which the radiation is directed. 

de tec tor  of radius  r, Equation (D-1)  can be wr i t ten  

A is the charac te r i s t ic  length of radiation in  the medium, 

F o r  a c i r cu la r  



Equation (D-2 )  is wri t ten such that t h r e e  of the fac tors ,  the radius  

ra t io  ( r / R ) ,  the attenuation factor e , and the build-up factor  

B(x /A ), a r e  in  dimensionless form. Hence, a simili tude sca le  model 

of a la rge  sys t em can be achieved by a small  s y s t e m  i n  which the dimen- 

s ionless  f ac to r s  have the same  values a s  i n  the l a rge  system. Since the 

radi i  r and R can be wri t ten a s  constant mult ipl iers  of the charac te r i s t ic  

length ( r  = k A ,  R = k A ) ,  the similitude model is completely de t e r -  

mined by the ratio of charac te r i s t ic  lengths: 

-x/ A 

1 2 

r , etc. model 

system 
- - 

sys tem model A R 

F o r  liquid sys t ems ,  the charac te r i s t ic  length is easily changed by 

changing mater ia ls .  The difficulty with scaling A by changing ma te r i a l s  

is the fac t  that  A i s  energy-dependent. Thus, i f  a mater ia l  i s  chosen t o  

s ca l e  X a t  one photon energy, it may not r ep resen t  the des i red  scaled 

value f o r  A a t  another energy. Even f o r  a monoenergetic source,  this i s  

a problem because of the d iverse  photon energies  in  the build-up. 

r eason  that  changing ma te r i a l s  does not sca le  A correc t ly  a t  all e ier-  

gies  is that  the scat ter ing c r o s s  sections of d i ss imi la r  a toms differ f rom 

each  o the r  by m o r e  than a simple scale  factor, 

The 

T h e r e  is, however, one very  important exception to  the scaling 

problem, namely, Compton scattering. When the binding energy of electrons 
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is small compared to the impinging photon energy, then the Compton 

sca t te r ing  of ma te r i a l s  depends on the i r  e lectron density but is other-  

wise independent of the i r  composition. Thus, X sca l e s  cor rec t ly  

f o r  all energies  when Compton scat ter ing dominates. 

LH2 a t  a l l  energies  above 1 keV (and even below) and fo r  LOX above about 

28 keV. 

a r e  of significant effect on detector  outputs, par t icular ly  i f  there  is any 

tank-wall shielding of detectors.  

This  is t rue  in 

This includes virtually the whole range of photon energies  which 

If i t  were  possible to  photograph the actual t r acks  of the photons as 

they sca t t e r  the i r  way through the propellant i n  the l a rge  system, then 

the t r acks  in  the simili tude model would look jus t  like a reduced photograph 

of this  original. 

and s ince in  Compton sca t t e r ingang le  and energy a r e  uniquely related 

f o r  low atomic number ma te r i a l s ,  the actual energies  as well  a s  the 

paths of the mult iple-scat tered photons a r e  cor rec t ly  represented  in  the 

simili tude model. 

Since angles a r e  preserved  under this  transformation, 

With a simili tude model,  one may practically and accurately take into 

account all the build-up spec t r a l  shif ts  and mult iple-scat tered radiations,  

and all the baffles and i r r e g u l a r  geometry which a r e  s o  ha rd  to r ep resen t  

i n  a finite computer  program. Digital computer p rograms  a r e  not easi ly  

extended to very  many multiple scat ter ings i n  the case of l a rge  tanks 

nor  to  v e r y  complex tank shapes. The sca le  model is  essent ia l ly  a n  

analog computer.  
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The scaling of meta l  baffles, tank walls, and other  high-atomic 

number ma te r i a l s  is m o r e  complex because h e r e  the photoelectric effect 

dominates over  Compton scat ter ing out t o  50 keV (aluminum) o r  90 keV 

( i r o n ) .  

Fortunately f o r  scale  modeling of space vehicles, these higher atomic 

number ma te r i a l s  a r e  a l so  relatively heavy and, thus, a r e  normally used 

a s  pipe walls,  tank walls,  o r  other thin-walled shapes ra ther  than la rge  

solid three-dimensional bodies. Thus, if one sca les  the other dimensions 

of these heavy ma te r i a l s  while keeping their  thin dimension constant, 

the c o r r e c t  scat ter ing intensity a t  all energies outside the s t ruc tures  i s  

preserved.  

ness  of meta l  used in  tank wall, a pipe diameter  but not pipe wall thickness,  

baffle s i ze  but not the gauge of the meta l  used to make the baffle. 

Substituting other  ma te r i a l s  may give erroneous resu l t s  in a model. 

In other words,  one sca l e s  down tank d iameter  but not thick- 

The only e r r o r  introduced by this two-dimensional scaling comes 

f r o m  the fact  that the geometry of the model i s  no longer a photographi- 

cally reduced model of the or iginal--cer ta in  meta l  i t ems  seem to  be of 

proportionately heavier  gauge. However, since the co r rec t  scat ter ing 

intensity and t r ansmiss ion  i s  maintained, the representat ion i s  very good 

f o r  reasonable  sca le  factors .  Of course,  i f  the sca le  is s o  reduced that 

a shee t  becomes a bar ,  then the geometry of the model is no longer a good 

representa t ion  of the original. For scale f ac to r s  of in te res t ,  say l inear  

dimensions reduced by a f ac to r  of f ive,  this geometr ic  distortion should 

be negligible. The scat ter ing and t ransmiss ion  intensity is preserved  by 

D-4 



this  approach and that is the important  factor. 

i n  s ize  i s  not des i red  since even the sca le  model mus t  be l a rge  compared 

to  the physical s i ze  of the sou rces  and detectors  used in  the experiment--  

i n  o r d e r  to observe intensit ies a t  different points on the model separately.  

Also, g rea t  reduction 

Actually, t he re  is no need in  the presently used technique to  consider  

simili tude scaling fo r  build-up and extraneous s c a t t e r  f r o m  s t ruc tu res  

since these  contributions a r e  removed by collimation and energy d i sc r im-  

ination. Thus,  these t e r m s  in  the expressions a r e  effectively deleted. 
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A P P E N D I X  E 

Calculation of Mass f rom Raw Experimental  Data 

Throughout the experimental  program, emphasis  was devoted to  

studies of the optimal a r r a y  of twelve sampling locations. A total of 

16 individual ca ses  were examined f o r  the a r r a y  of twelve, var ious-s ized 

foam voids being located randomly within the cylindrical  and hemispher -  

ically -capped cylindrical  tanks. As a resu l t  of the number of ca ses  

studied for  the a r r a y  of twelve, reasonable s ta t i s t ica l  confidence c a n  be 

placed in  the results.  

Additional ca ses  w e r e  studied for  non-optimal a r r a y s  of seven, ten, 

and fifteen sampling locations. The studies were  exploratory and com-  

parat ive i n  nature. Since relatively few c a s e s  were  studied fo r  these 

individual a r r a y s ,  a low statistical confidence level is associated with 

the resu l t s .  A s u m m a r y  of experimental  resu l t s  is given in  Table E-1;  

reasonable  s ta t i s t ica l  confidence exis ts  only f o r  the optimal a r r a y  of twelve. 

Table E-1. Summarv  of Experimental Resul ts  

Number of Number of C a s e s  Average Absolute Maximum Absolutt 
Sampling Locations Investigated System E r r o r  System E r r o r  

7 7 3. 6% 7. 8% 

10 

12::: 

15 

4 

16 

1 

4. 7 7 . 7  

1. 3 2 . 7  

1. 5 1 .5  

.a. ‘ P  

Optimal  a r r a y  of twelve sampling locations, as given by Table 4 and Figure 14c. 
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A sample calculation i s  presented in which the measu red  m a s s  and 

the measurement  sys tem e r r o r  a r e  computed f rom the raw data. 

culation i s  given f o r  Experiment Number 3 (Table 7) for  a cylindrical  

tank of radius  18 inches. 

were  determined f r o m  Table 4 (cylindrical  coordinates) and a r e  presented 

in  Table E-2 in  rectangular coordinate form. 

sampling location was cor re la ted  with a thickness of absorbing medium 

through the experimental  calibration curve presented i n  F igure  E-1. 

total  m a s s  in  the tank is computed by considering that the thickness sensed 

at each sampling location represents  that of an associated cylinder with 

one-twelfth the c r o s s  sectional a r e a  of the tank. Expressed  mathematically,  

The ca l -  

The coordinates of the twelve sampling locations 

The count ra te  a t  each 

The 

1 2  

where  A i s  the c r o s s  sectional a r e a  of the tank, p is the water  density, 

and the twelve values of I . a r e  determined f rom the calibration curve. The 

photon counts detected a f te r  one minute of counting at each location and the 

values of I determined fo r each detector a r e  presented in  Table E-3. 

Hence, the measu red  m a s s  is 

H2° 

1 

i 

3 2  3 
= (1/12)(6.  55 x 10 c m  )(1 g m / c m  )(742. 5 cm) 

m e a s  
M 

5 
= 4.07 x 10 gm . 

The actual  mass in  the tank was determined as the sum of the m a s s  of water  

remaining in  the tank a f t e r  the foam sphere was removed and the m a s s  of 
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Table E-2. Experimental  Sampling Locations 

for  18" Radius Cvlindrical Tank 

Sampling Location X (inches) Y (inches) 

1 6 114 0 

2 - 3  118 5 318 

3 - 3  118 - 5 318 

4 5 1 1 2  9 112 

5 - 11 0 

6 

7 

8 

9 

10 

11 

12 

5 112 

13 

-11 314 

- 1  114 

0 

-14 3/16 

14 3/16 

- 9  112 

6 1 /16  

8 114 

-14 5/16 

16 318 

- 8 3/  16 

- 8 3/16 

X = 0,  Y = 0 at center of tank 
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Background Subtracted 

- 
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- 
L 

- 
- 
- - 

-. 

- - 
- - 
- - 

- - 

03- - 
8 -  - 
6 -  - 
4 -  - 

2 -  - 

I I I I 1 I 1 I I 1 I I I 
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F i g u r e  E-l  Calibration Curve .  Count Rate  as a 
Function of Water Depth 
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Table E-3. Raw Count Data for Experiment  #3  

Sampling Location Count 

45,593 

24,755 

48,800 

Equivalent A bs o r be r 
Thickness ( c m )  

31. 5 

38. 5 

30. 5 

4 1 ,573 71. 0 

5 

6 

1, 527 

1,166 

71. 0 

74. 0 

8 1, 501 71. 0 

9 

10 

11 

12 

1, 441 

1,466 

1, 510 

1,623 

71. 5 

71. 5 

71. 0 

70. 0 

Sum 742. 5 c m  
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the sphere.  The wet foam sphere  weighed 8 pounds 6 ounces af ter  the tes t ,  

and the tank contained 2 3  7 / 8  inches of water  with the sphere  removed. 

Hence, the actual mass within the tank was 

Foam t M  - 
a c t  - M H 2 0  

M 

3 2  
= ( 2 3 .  87 in)(2. 5 4  cm/in)(6.  55 x 10 c m  ) 

t (8. 37 1b)(454 gm/ lb )  

5 5 
= 3.97 x 10 g m  + . 0 3 8  x 10 gm 

5 = 4.01 x 10 gm. 

The sys t em e r r o r  percentage is 

- M  
x 100 meas act  

ac t  

M 

M E =  

4. 07 - 4. 01 
4.01 

- - x 100 = 1.570 . 

Simi la r  techniques for  comparing measu red  mass with actual m a s s  

w e r e  employed for  all the a r r a y s ,  foam voids, and tanks that were  used. 
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